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Abbreviations and Symbols 
 
Abbreviations and Symbols 
1
O2 singlet oxygen 
3





app. apparent (NMR) 
aq. aqueous 
Ar aryl ring 
ATP adenosine triphosphate 
ATR Attenuated total reflectance 
BChl bacterioclorophyll 
BHT butylated hydroxytoluene 
br broad (NMR and IR) 
BT benzothiazol 
c concentration ([]D) 




CuTC copper thiophenecarboxylate 
Cy cyclohexyl 
d doublet (NMR) 
dba dibenzylideneacetone 
DEAD diethyl azodicarboxylate 
DEPT distortion-less enhancement by polarization transfer 
DIAD diisopropyl azodicarboxylate 





DMAPP dimethylallyl pyrophosphate 
DMF N,N-dimethylformamide 
DMP Dess Martins periodinane 
DMPU 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 




EI electron impact 
equiv. equivalents 
ESI-MS electrospray ionization mass spectrometry 
eV electron-volt(s) 
FAB fast atom bombardment 
FT Fourier transform 
g gram(s) 
G.F. functional group 
GGPP Geranyl-geranyl-pyrophosphate 




HPFC high-performance flash chromatography 
HPLC high-performance liquid chromatography 
HRMS high resolution mass spectrometry 
HSQC heteronuclear single-quantum coherence/correlation 
HWE Horner-Wadsworth-Emmons 
Hz hertz(s) 
IPP isopentenil pyrophosphate 
IR infrared spectrum 
IUPAC International Union of Pure and Applied Chemistry 
IUPAC-IUB International Union of Pure and Applied Chemistry-International Union of 
Biochemistry J coupling constant (NMR) 
l litre 
LDA lithium diisopropylamide 
LHC light harvesting complexes 
m multiplet (NMR) 
 medium (IR) 
M molar 
m.p. melting point 
m/z mass/charge ratio 
Abbreviations and Symbols 
M
+
 molecular ion 
MCPBA 3-chloroperbenzoic acid 
MEP 2-C-metil-D-eritritol-4-fosfato 
MHz megahertz(s) 





MS mass spectrometry 
MVA mevalonic acid 
NADPH nicotinamida adenina dinucleótido fosfato 




NMR nuclear magnetic resonance 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser effect spectroscopy 
NPQ non-photochemical quenching  
ºC degree centigrade (0 °C = 273.15 K) 
PCC pyridinium chlorochromate 
PCP peridinin chlorophyll a-protein 
pin pinacol 
ppm parts per million 
PPTS para-toluenesulphonic acid 
py pyridine 
q quartet (NMR) 
ROS reactive oxygen species 
s singlet (NMR) 
 strong (IR) 
S.I. supporting information 
sp. specie(s) 
T temperature 
Abbreviations and Symbols 
 
t time  
 triplet (NMR) 
TAS-F tris(dimethylamino)sulfonium difluorotrimethylsilicate 




Tf triflate (trifluoromethanesulfonate) 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TIPS triisopropylsilyl 




w weak (IR) 
Xphos 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl 
δ chemical shift (NMR) 
λ wavelenght 
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Resumen y Conclusiones 








Para llegar a entender la amplia biodiversidad existente en el medio marino se ha de 
considerar, además de que constituye más del 70% de la Tierra y de que la vida terrestre 
tiene su origen en el mar (factores históricos), aspectos de carácter evolutivo como que 
muchos organismos marinos son de cuerpo blando y vida mayoritariamente sedentaria, lo 
que les obliga a biosintetizar compuestos químicos tóxicos como mecanismos de defensa. 
Adicionalmente, la existencia de ecosistemas marinos, como los arrecifes de coral o el 
fondo marino profundo, donde los expertos estiman que la diversidad biológica es mayor 
que en los bosques tropicales húmedos y donde la competitividad es muy intensa lo que 
obliga a mejorar continuamente los mecanismos de defensa.
1
 
Esta biodiversidad se refleja en los más de 16.000 metabolitos aislados de 
organismos marinos, algunos de los cuales con interesantes actividades biológicas, que han 
hecho que el mar sea considerado como fuente de posibles fármacos, mientras que otros 
son responsables de intoxicaciones por la ingesta de mariscos y pescados. 
Estructuralmente, estos metabolitos se caracterizan por una elevada funcionalización 
debido a las condiciones extremas del hábitat marino (Figura 1).
2
 
                                                 
1
 Haefner, B. Drug Discovery Today 2003, 8, 536. 
2
 Blunt, J. W.; Copp, B. R.; Keyzers, R. A.; Munro, M. H. G.; Prinsep, M. R. Nat. Prod. Rep. 2013, 30, 237. 
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Figura 1. Productos naturales marinos. 
 
Desde la perspectiva de la Química Orgánica, la síntesis y producción de estos 
metabolitos a gran escala, ha permitido no solamente estudiar tanto sus actividades 
biológicas como su biosíntesis sino también su empleo como “banco de pruebas” para el 
desarrollo de nuevas metodologías sintéticas, en particular, y el estudio de la reactividad 
orgánica, en general. Es el caso de los polienos conjugados, un motivo estructural presente 
en un elevado número de metabolitos de origen marino
3
, empleados como medio de 
defensa (debido a sus colores intensos, p.e. navanonas A-C aisladas de Navanax inermis, 
Figura 2)
4
 o como antenas para la captación de energía luminosa (debido a su conjugación, 
p.e. peridinina 7 aislada de Amphidinium carterae, Figura 2).
5
 
                                                 
3
 Thirsk, C.; Whiting, A. J. Chem. Soc., Perkin Trans. 1 2002, 999. 
4
 (a) Sleeper, H. L.; Fenical, W. J. Am. Chem. Soc. 1977, 99, 2367. (b) Fenical, W.; Sleeper, H. L.; Paul, V. 
J.; Stallard, M. O.; Sun, H. H. Pure Appl. Chem. 1979, 51, 1865. (c) Spinella, A.; Alvarez, L. A.; Cimino, G. 
Tetrahedron Lett. 1998, 39, 2005. 
5
 Song, P.-S.; Koka, P.; Prezelin, B. B.; Haxo, F. T. Biochemistry 1976, 15, 4422. 
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Figura 2. Polienos aislados de organismos marinos. 
 
Tradicionalmente la síntesis de polienos se ha llevado a cabo empleando bien 
reacciones de olefinación, como es el caso de la reacción de McMurry, Wittig, Horner-





 mediante el uso de los acoplamientos cruzados catalizados por metales 
de transición (reacción de Suzuki, Stille, etc). Sin embargo, la elevada inestabilidad de los 
polienos altamente conjugados y su tendencia a la isomerización, hacen que la síntesis de 
estas estructuras sea considerada como un reto sintético que requiere, en numerosas 
ocasiones, el desarrollo de nuevas metodologías o condiciones de reacción para llevarla a 
cabo con éxito. 
En este contexto, el de la síntesis estereocontrolada de polienos altamente 
conjugados de origen marino, se sitúa el trabajo que se mostrará a continuación y que 
pretende ser una contribución adicional al anteriormente desarrollado en nuestro grupo de 
investigación, orientado a la obtención de carotenoides empleando tanto reacciones de 
olefinación (p.e. Horner-Wadsworth-Emmons o Julia-Kocienski), como acoplamientos 




                                                 
6
 (a) Vaz, B.; Alvarez, R.; de Lera, A. R. J. Org. Chem. 2002, 67, 5040. (b) Vaz, B.; Alvarez, R.; Brückner, 
R.; de Lera, A. R. Org. Lett. 2005, 7, 545. (c) Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. J. Org. 
Chem. 2006, 71, 5914. (d) Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. Chem. Eur. J. 2007, 13, 
1273. (e) Fontán, N.; Domínguez, M.; Alvarez, R.; de Lera, A. R. Eur. J. Org. Chem. 2011, 6704. (f) Fontán, 
N.; Alvarez, R.; de Lera, A. R. J. Nat. Prod. 2012, 75, 975. 
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Se llevó a cabo la síntesis de trans-(8R,6'R)-peridinin-5,8-furanóxido 8, un 
norcarotenoide C37 aislado por Iguchi y colaboradores de un alga simbiótica del coral 
Clavularia viridis.
7
 Los fragmentos y las herramientas sintéticas empleados para su síntesis 
se muestran en la Figura 3. Cabe destacar que una de las etapas claves fue la conexión de 
uno de los fragmentos terminales, el funcionalizado como un yodoaleno. Aunque 
inicialmente se realizó como última etapa y mediante una reacción de Stille, que permite 
modular el curso estereoquímico de la reacción (obteniéndose bien inversión o retención de 
la configuración del eje alénico) en función del halógeno, del catalizador y de los aditivos 
empleados, finalmente la ausencia de una completa estereoselectividad nos indujo a 
proteger el alcohol terciario como sililéter para evitar la pérdida de la integridad 
estereoquímica. 
                                                 
7
 Suzuki, M.; Watanabe, K.; Fujiwara, S.; Kurasawa, T.; Wakabayashi, T.; Tsuzuki, M.; Iguchi, K.; Yamori, 
T. Chem. Pharm. Bull. 2003, 51, 724. 
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Figura 3. Análisis retrosíntetico llevado a cabo para la síntesis de trans-(8R,6'R)-peridinin-5,8-
furanóxido 8. 
 
Otro de los hitos sintéticos alcanzados, fue la síntesis del fragmento lateral C20 que 
incorpora la butenolida y que se llevó a cabo mediante una ciclación asistida por Ag, 
mientras que la expansión del epóxido requirió de la presencia de catálisis ácida, 
permitiendo obtener estereoselectivamente el furanóxido, mimetizando así el mecanismo 
empleado por la Naturaleza para la síntesis de este norcarotenoide a partir de peridinina 7. 
 
Con el fragmento C20 disponible, se abordó la síntesis de pirroxantina 17, otro 
norcarotenoide C37 relacionado estructuralmente con peridinina 7 que se aísla a partir de 
Resumen y conclusiones 
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Figura 4. Esquema retrosintético empleado para la síntesis de pirroxantina 17. 
 
La síntesis de este carotenoide acetilénico, que ya había sido abordada con 
anterioridad en nuestro grupo de investigación,
6c
 presenta la dificultad añadida de la 
tendencia natural que presenta el doble enlace en posición 9’ a isomerizar. Para evitar los 
problemas de isomerización observados, se llevó a cabo la construcción del esqueleto final 
empleando un esquema de condensación C17 + C20 y una olefinación de Horner-
Wadsworth-Emmons, a baja temperatura (Figura 4). 
                                                 
8
 Johansen, J. E.; Svec, W. A.; Liaaen-Jensen, S.; Haxo, F. T. Phytochemistry 1974, 13, 2261. 
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La presencia del esqueleto del fragmento C20 en otros carotenoides identificados y 
los buenos resultados obtenidos, nos indujo a explorar otros caminos para su obtención 
estereoselectiva. Así, se llevaron a cabo con éxito dos nuevas rutas sintéticas para la 
construcción del fragmento C20, que tienen en común la formación de la butenolida 
mediante una ciclación 5-exo-dig asistida por plata pero que se lleva  a cabo en diferente 
momento a lo largo de la síntesis, además de que ambas secuencias emplean distintas 










Aunque en la búsqueda de respuestas sobre el origen de la vida han estado 
involucrados científicos de múltiples áreas, tres disciplinas sobresalen por su implicación. 
Por un lado, los geólogos tienen la difícil tarea de reproducir el escenario de hace más de 
cuatro mil millones de años, sin disponer de evidencias directas y teniendo en 
consideración que las condiciones ambientales han cambiado de manera importante. Por 
otro, los químicos han de investigar o proponer los mecanismos para la formación de las 
primeras moléculas orgánicas y los caminos por lo que estas se convierten en moléculas de 
mayor complejidad para, conjuntamente con los biólogos, proponer la aparición de los 
primeros organismos vivos. 
Así pues, la evolución hasta la aparición de la vida fue un largo camino que puede 
dividirse, a grandes rasgos, en tres períodos diferenciados, siendo el nexo de unión entre 
ellos el entorno o las condiciones ambientales.
9
 
Evolución química, período que comprende desde la formación del océano 
hasta la aparición de la primera célula eucariota. 
Evolución biológica,  desde la creación de la primera célula eucariota hasta 
la aparición del hombre. 
Evolución cultural, que puede referirse a la evolución de la humanidad 
desde sus orígenes. 
                                                 
9
 (a) Kornprobst, J.-M., Encyclopedia of Marine Natural Products; Wiley-Blackwell: Weinheim, 2010; Vol. 
1. (b) Fitz, D.; Reiner, H.; Rode, B. M. Pure Appl. Chem. 2007, 79, 2101. (c) Lemmon, R. M. Chem. Rev. 
1970, 70, 95. 
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A pesar de que se desconoce el mecanismo por el cual se produjo la formación de 
agua sobre la Tierra, y continúa siendo objeto de debate hoy en día, se sabe que los 
océanos aparecieron poco tiempo después de la formación del planeta, lo que desencadenó 
el ensamblaje de las primeras células procariotas en una fracción de tiempo relativamente 
corta (unos 200 millones de años). Estas primeras células procariotas, después de 
aproximadamente 400 millones de años, desarrollaron la capacidad de llevar a cabo la 
fotosíntesis, produciendo oxígeno y aumentando su concentración atmosférica hasta el 
21% de la atmósfera actual. No cabe duda de que la presencia de oxígeno fue necesaria 
para que las células anaerobias primitivas evolucionaran a células procariotas aeróbicas, y 
que se considerase a las cianobacterias (antiguamente denominadas algas verde-azuladas) 
como los verdaderos ancestros de la humanidad. Posteriormente, las células procariotas 
aeróbicas desarrollaron, tras aproximadamente mil millones de años, el núcleo celular, lo 
que provocó la aparición de las primeras células eucariotas. 
En este punto podría considerarse que la evolución química habría finalizado, 
dando paso a la biológica; sin embargo, se necesitaron en torno a 2500 millones de años 
más para la llegada del primer organismo pluricelular (compuesto por células eucariotas 
aeróbicas) desde el primer procariota aeróbico. Este gran salto, que provocó la aparición de 
organismos más complejos, el más costoso en la historia de la evolución, se debió 
probablemente a que las células necesitaron desarrollar consciencia de si mismas como 
parte de un todo. 
Así pues, la evolución biológica comenzó en el océano, con la diversificación de 
los organismos eucariotas que, gradualmente, fueron adaptándose a los diferentes entornos 
que conforman la hidrósfera, para finalmente salir del agua y adaptarse a respirar aire 
como fuente de vida, conquistando así el medio terrestre. A pesar de la gran diversidad de 
organismos pluricelulares en la Tierra, el reino de los eucariotas es muy reciente debido a 
que han aparecido en los últimos 1000 millones de años. Como consecuencia de que el 
océano es el origen de todas las formas de vida, hábitat en el que conviven desde los 
organismos más sencillos como las arqueas (organismos procariotas unicelulares) hasta 
mamíferos de gran tamaño como las ballenas, la biodiversidad marina es mucho más 





1.1. Organismos fotosintéticos marinos 
 
Los organismos fotosintéticos (procariotas como las cianobacterias; eucariotas 
unicelulares como las diatomeas; dinoflagelados o eucariotas pluricelulares como las algas) 
comparten la capacidad de realizar la fotosíntesis, un proceso que ha sido complejo de 
reproducir in vitro, y que puede definirse, de forma sencilla, como la transformación de 
dióxido de carbono y agua en hidratos de carbono y oxígeno, que se lleva a cabo con 
energía luminosa. Es decir, estos organismos se caracterizan por presentar la capacidad de 
transformar la energía luminosa en química, mediante la acción de los pigmentos 




Así, los organismos fotosintéticos pueden clasificarse en función de los pigmentos 
fotosintéticos y polisacáridos que presenten, y ésta clasificación, aunque incompleta, nos 
permite confirmar que todos los organismos fotosintéticos poseen, en su composición 
pigmentaria, carotenoides (Tabla 1.1). 
 
Tabla 1.1. Clasificación de los organismos fotosintéticos (adaptado de la referencia 9a). 
Procariotas Eucariotas 

































Polisacáridos de reserva 































Así pues, estos pigmentos pueden ser empleados como marcadores 
quimiotaxonómicos para identificar las algas presentes en el fitoplancton debido a una 
serie de características, tales como: (a) estar presentes en todas las algas fotosintéticas pero 
no en la mayoría de las bacterias o protozoos, permitiendo distinguir el fitoplancton de 
otros componentes; (b) estar, muchos de estos pigmentos, limitados a una clase o incluso a 
un género; (c) ser fuertemente coloreados y, en el caso de las clorofilas y ficobiliproteínas, 
fluorescentes; (d) ser lábiles y degradarse rápidamente después de la muerte celular, 
distinguiendo así células vivas de muertas. Teniendo en cuenta estos aspectos, el análisis 
de la composición pigmentaria de las algas es una herramienta muy potente para 
caracterizar la población de fitoplancton (conjunto de los microorganismos autótrofos que 
viven dispersos en el agua y que poseen capacidad fotosintética) en los océanos, lo cual 
está siendo usado en la actualidad para determinar el nivel de contaminación marina.
10
  
El contenido y composición de estos pigmentos en los organismos fotosintéticos es 
también importante, debido a su participación en la fotosíntesis, que comienza con la 
absorción de luz por parte de unas antenas de captación de la luz (Light Harvesting 
Complexes o LHC para los superiores; Peridinin–Chlorophyll a–Protein o PCP para 
ciertos dinoflagelados) que se encuentran en el estroma de los tilacoides, estos últimos 
situados en el interior de los cloroplastos. Estos complejos transmembranales, formados 
por carotenoides y clorofilas, absorben la energía luminosa canalizándola hacia los centros 
de reacción de los fotosistemas (Figura 1.1), donde la energía se transforma en una 
corriente de electrones que favorece la producción de NADPH, un reductor fuerte, y ATP 
(Fase fotoquímica), que se emplean en la Fase oscura o no fotoquímica de la fotosíntesis 
donde los hidratos de carbono son sintetizados a partir de CO2 (Ciclo de Calvin).
11
 
                                                 
10
 (a) Torres, M. A.; Barros, M. P.; Campos, S. C. G.; Pinto, E.; Rajamani, S.; Sayre, R. T.; Colepicolo, P. 
Ecotoxicol. Environ. Saf. 2008, 71, 1. (b) van der Oost, R.; Beyer, J.; Vermeulen, N. P. E. Environ. Toxicol. 
Pharmacol. 2003, 13, 57. 
11
 (a) de las Rivas, J., La luz y el aparato fotosintético. In Fundamentos de Fisiología Vegetal: Azcón-Bieto, 
J.; Talón, M., Eds. McGraw Hill: Madrid, 2008. (b) Hoffman, G. E.; Sanchez, P. M. V.; Delwiche, C. F. 




Figura 1.1. Fotosistemas I y II responsables de la fotosíntesis (adaptada de www.pearson.es). 
 
En los organismos fotosintéticos superiores existen dos antenas o complejos 
proteína-pigmentos (LHCI y LHCII), cada uno de los cuales forma parte de un fotosistema, 
denominados fotosistema I o P700, y fotosistema II o P680 (en función del año de su 
descubrimiento y no del orden en que reaccionan) que se caracterizan, en algas, plantas y 
algunas bacterias, por los máximos de absorción que presentan. En estos fotosistemas, los 
carotenoides se encuentran formando parte de un complejo proteína-pigmentos 
(carotenoides y clorofilas),
12
 a través del cual absorben la energía luminosa promoviendo 
el tránsito de un electrón desde el estado fundamental (carotenoide-S0, simetría Ag
-
) al 




 permitido por las reglas de selección. La 
energía acumulada en carotenoide-S2 es transferida a la clorofila. La optimización de este 
proceso depende de la distancia (entre 3 y 10 Å) y la orientación entre el aceptor y el dador 
de energía, así como de la composición de la antena.
14
 Así, mientras en los organismos 
fotosintéticos superiores las LHC están formadas por proteínas de membrana y el pigmento 
más abundante es la clorofila (Figura 1.2.A), en los dinoflagelados los complejos PCP 





                                                 
12
 Green, B. R.; Durnford, D. G. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1996, 47, 685. 
13
 Polívka, T.; Sundström, V. Chem. Rev. 2004, 104, 2021. 
14
 Zigmantas, D.; Hiller, R. G.; Sundstrom, V.; Polivka, T. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 16760. 
15
 Schulte, T.; Niedzwiedzki, D. M.; Birge, R. R.; Hiller, R. G.; Polívka, T.; Hofmann, E.; Frank, H. A. Proc. 







Figura 1.2. Representación de la orientación de los pigmentos de la unidad básica de LHCII (A, 
monómero formado por 8 Chla y 6 Chlb además de dos luteinas 1.2, 9-cis-neoxantina 1.3 y una 
xantófila; las unidades de Chlb y 9-cis-neoxantina 1.3 se omiten) y PCP (B, dímero formado por 2 
Chl-a y 8 peridininas 1.1), extraídas de las estructuras depositadas en el Protein Data Bank 
(adaptado de la referencia 5b). 
 
A pesar de que luteína 1.2 y peridinina 1.1 son carotenoides cuyo principal motivo 
estructural es la cadena poliénica, sus propiedades ópticas son diferentes debido, 
principalmente, a la presencia, en peridinina 1.1, de grupos funcionales oxigenados 
conjugados con la cadena poliénica y de un aleno en el otro extremo. Esta elevada 
complejidad estructural de peridinina 1.1 le confiere unas propiedades ópticas 
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excepcionales que son transferidas al complejo, como el incremento de la fluorescencia 
debida al tránsito desde el S1, y la proximidad entre los estados excitados S1 y S2 que hace 
el tránsito entre los niveles S1 y S2 energéticamente menos costoso.
16
 Así, el espectro de 
absorción del complejo PCP (Figura 1.2) está dominado por la banda correspondiente al 
tránsito a partir de S2 de peridinina 1.1 (banda centrada en torno a 500 nm) que se solapa 
con la banda Soret de la clorofila a localizada en 435 nm (Figura 1.3). Este solapamiento 
efectivo es el responsable de la elevada eficacia (en torno al 90%) que presenta la 




Figura 1.3. Espectro de absorción del complejo PCP donde las barras horizontales representan la 
contribución de peridinina 1.1 (en naranja) y la de la clorofila a (en verde) (adaptado de la 
referencia 13). 
 
Otra antena fotosintética que presenta una organización diferente a las mencionadas 
es la característica de las bacterias púrpura (LH2), siendo éste sistema uno de los 
complejos mejor estudiados en la transferencia de energía carotenoide-clorofila.
13
 Su 
estructura de Rayos X muestra una organización en anillos concéntricos, con un anillo 
interno formado por α-péptidos (Figura 1.4, en verde claro) y otro externo que contiene β-
                                                 
16
 (a) Frank, H. A.; Bautista, J. A.; Josue, J.; Pendon, Z.; Hiller, R. G.; Sharples, F. P.; Gosztola, D.; 
Wasielewski, M. R. J. Phys. Chem. B 2000, 104, 4569. (b) Vaswani, H. M.; Hsu, C.-P.; Head-Gordon, M.; 
Fleming, G. R. J. Phys. Chem. B 2003, 107, 7940. (c) Zigmantas, D.; Hiller, R. G.; Sharples, F. P.; Frank, H. 
A.; Sundstrom, V.; Polivka, T. Phys. Chem. Chem. Phys. 2004, 6, 3009. (d) Papagiannakis, E.; Vengris, M.; 
Larsen, D. S.; van Stokkum, I. H. M.; Hiller, R. G.; van Grondelle, R. J. Phys. Chem. B 2005, 110, 512. (e) 
Jahns, P.; Holzwarth, A. R. Biochim. Biophys. Acta (BBA) - Bioenergetics 2012, 1817, 182. 
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péptidos (Figura 1.4, en púrpura),
17
 mientras que entre los β-péptidos se localizan nueve 
moléculas de BChl a que absorben a 800 nm (β-B800, Figura 1.4, en azul), y entre los 
anillos externo e interno se sitúa otro formado por 18 moléculas de BChl a que absorben a 
850 nm (α-B850 y β-B850, Figura 1.4 en rojo y verde, respectivamente). Aunque 
inicialmente solo se detectaron 8 unidades de un único carotenoide, licopeno 1.4, un 
refinamiento posterior en la resolución de la estructura cristalina permitió identificar un 
segundo carotenoide, rodopina-glucósido 1.5, que se sitúa en la proximidad de las 
clorofilas B800 y B850 (Figura 1.4 en naranja). La relación entre el número de moléculas 








Figura 1.4. Representación esquemática del complejo LH2 (α-péptidos, verde claro; β-péptidos, 
púrpura; BChl a, rojo; BChl b, B850 verde; BChl b B800, azul; carotenoides naranja) (adaptado de 
la referencia 18). 
 
                                                 
17
 (a) McDermott, G.; Prince, S. M.; Freer, A. A.; Hawthornthwaite-Lawless, A. M.; Papiz, M. Z.; Cogdell, 
R. J.; Isaacs, N. W. Nature 1995, 374, 517. (b) Koepke, J.; Hu, X.; Muenke, C.; Schulten, K.; Michel, H. 
Structure 1996, 4, 581. 
18
 Papiz, M. Z.; Prince, S. M.; Howard, T.; Cogdell, R. J.; Isaacs, N. W. J. Mol. Biol. 2003, 326, 1523. 
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1.2. Carotenoides marinos 
 
El papel de los carotenoides
19, 20, 21
 en estos complejos pigmento-proteína es de vital 
importancia ya que, además de participar en la captación de luz, son capaces de actuar 
como fotoprotectores de la maquinaria fotosintética en condiciones de exceso de luz, 
inactivando las especies de 
3
Chl*, así como el 
1
O2 formado, entre otras especies reactivas 
de oxígeno. Como ya se indicó anteriormente, este comportamiento dual de los 
carotenoides, así como sus colores brillantes, se deben a su compleja estructura electrónica, 
caracterizada principalmente por presentar una serie de tránsitos permitidos desde el estado 
fundamental (p.ej., S0-S2) que coexisten con otros tránsitos prohibidos denominados 






Figura 1.5. Representación simplificada de los niveles de energía de zeaxantina 1.6. La línea sólida 
representa la transición S0-S2 permitida, y las discontinuas, las transiciones que ocurren después de 
la excitación, todas ellas reflejadas en el espectro de absorción (de UV y transitoria inducida por 
láser) de zeaxantina 1.6. 
                                                 
19
 (a) Cazzonelli, C. I. Funct. Plant Biol. 2011, 38, 833. (b) Salvadori, E.; Di Valentin, M.; Kay, C. W. M.; 
Pedone, A.; Barone, V.; Carbonera, D. Phys. Chem. Chem. Phys. 2012, 14, 12238. 
20
 (a) Maoka, T. Marine Drugs 2011, 9, 278. (b) Takaichi, S. Marine Drugs 2011, 9, 1101. 
21
 Familia denominada carotenoides a partir de su miembro más representativo el -caroteno, y formada 
por hidrocarburos C40, denominados carotenos, y sus derivados oxigenados, las xantófilas que presentan al 
menos un átomo de oxígeno. Todos ellos se caracterizan por una estructura derivada de la unión de varias 
unidades isoprenoides, siguiendo la regla cabeza-cola, excepto en el centro, donde la conexión se invierte. 
22
 (a) Calhoun, T. R.; Davis, J. A.; Graham, M. W.; Fleming, G. R. Chem. Phys. Lett. 2012, 523, 1. (b) 
Schulten, K.; Karplus, M. Chem. Phys. Lett. 1972, 14, 305. (c) Hudson, B. S.; Kohler, B. E. Chem. Phys. 
Lett. 1972, 14, 299. (d) Polívka, T.; Sundström, V. Chem. Phys. Lett. 2009, 477, 1. 
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Cabe señalar que el esquema mostrado en la Figura 1.5 es válido exclusivamente 
para carotenoides con estructura similar a zeaxantina 1.6, es decir, que presenten una 
cadena poliénica no modificada por la introducción de grupos funcionales en conjugación. 
Este es el caso de los carotenoides aislados de organismos marinos, los cuales son producto 
de la modificación de la estructura de carotenoides más sencillos a través de procesos de 
oxidación, reducción, transposición y roturas oxidativas de dobles enlaces y aperturas de 
epóxidos. 
Así, peridinina 1.1 (aislada de dinoflagelados, p.ej., Amphidiniun carterae)
23
 y 
fucoxantina 1.7 (aislada de algas marrones y diatomeas),
24
 además de ser los dos 
carotenoides más abundantes en la naturaleza y proceder de organismos marinos, presentan 
en su estructura un grupo carbonilo conjugado y un aleno, ambos en la cadena poliénica, lo 
que determina su espectro de absorción-emisión, observándose fluorescencia 
correspondiente a la transición S1S0 (desde un estado excitado oscuro), fuertemente 





Otro grupo funcional muy abundante en los carotenoides marinos, junto a los 
mencionados anteriormente, es el alquino. Los carotenoides acetilénicos son sintetizados 
“de novo” exclusivamente en las microalgas, mientras que algunos organismos marinos 
                                                 
23
 Schutt, F. Ber. Deut. Bot. Gess. 1980, 8, 9. 
24
 Willstätter, R.; Page, H. J. Liebigs Ann. Chem. 1914, 404, 237. 
25
 (a) Stalke, S.; Wild, D. A.; Lenzer, T.; Kopczynski, M.; Lohse, P. W.; Oum, K. Phys. Chem. Chem. Phys. 
2008, 10, 2180. 
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son capaces de transformar los carotenoides alénicos en acetilénicos.
26
 En este grupo de 
polienos de origen marino se encuentran algunos estructuralmente interesantes como la 
butenólida C37 pirroxantina 1.9, o la giroxantina 1.10, el primer carotenoide alénico-




Figura 1.6. Estructuras de algunos carotenoides acetilénicos marinos. 
 
Como ya se indicó anteriormente, los carotenoides tienen un papel dual en los 
organismos fotosintéticos, ya que forman parte de la maquinaria fotosintética, absorbiendo 
luz solar, y además juegan un papel protector captando el excedente energético que puede 
dañar irreversiblemente el aparato fotosintético. En este efecto protector participa el Ciclo 
                                                 
26
 Bjørnland, T.; Fiksdahl, A.; Skjetne, T.; Krane, J.; Liaaen-Jensen, S. Tetrahedron 2000, 56, 9047. 
27
 Sujak, A.; Gabrielska, J.; Grudziński, W.; Borc, R.; Mazurek, P.; Gruszecki, W. I. Arch. Biochem. Biophys. 





 o transformación de determinados carotenoides oxigenados en sus 
correspondientes derivados epoxidados en los anillos terminales. En el primero de los 
ciclos descubiertos, la violaxantina 1.14 se transforma en zeaxantina 1.6 a través de dos 
reacciones independientes y reversibles via antheraxantina 1.15 (Figura 1.7).
29
 
Posteriormente, se han descrito dos ciclos adicionales de xantófilas que se identifican en 
función de los carotenoides implicados (luteína y diadinoxantina), produciendo 




Figura 1.7. Ciclo de las xantofilas a través del cual se disipa el exceso de energía luminosa en los 
organismos fotosintéticos. 
 
Al grupo de las xantófilas de origen marino pertenecen también los 
norcarotenoides
30
 C37 peridinina 1.1 y pirroxantina 1.9, que presentan un epóxido en las 
posiciones C5 y C6. También se han identificado carotenoides  que presentan un éter 
cíclico entre las posiciones C3 y C6, derivados posiblemente de los correspondientes 
                                                 
28
 Xantófilas son los carotenoides que incorporan en su estructura al menos un átomo de oxígeno, bien como 
alcohol o bien como epóxido, este último habitualmente entre las posiciones 5 y 6. 
29
 Demmig-Adams, B.; Adams, W. W. Trends Plant Sci. 1996, 1, 21. 
30
 Norcarotenoides son polienos pertenecientes a la familia de los carotenoides que se caracterizan por 









Figura 1.8. Estructura de algunas xantófilas de origen marino. 
 
Otro motivo estructural muy frecuente en los carotenoides marinos es una 




1.2.1.  Carotenogénesis 
 
Como ya se indicó anteriormente, los más de 750 carotenoides identificados hasta 
el momento han sido aislados de diversos organismos como plantas, algas, bacterias 
(incluyendo cianobacterias), arqueas, hongos y animales (los pulgones
32 y el arador de la 
                                                 
31
 Maoka, T. Arch. Biochem. Biophys. 2009, 483, 191. 
32





 que son invertebrados que producen carotenoides por medio de genes que han sido 
transferidos lateralmente por hongos). Todos ellos son capaces de biosintetizar 
carotenoides a través de diversas rutas carotenogénicas. Adicionalmente, y para cumplir 
sus demandas metabólicas, los animales superiores absorben carotenoides que pueden ser 
posteriormente metabolizados. 
La biosíntesis de carotenoides ha sido modulada a través de la evolución, siendo 
prácticamente idéntica para bacterias, tanto anaerobias como aerobias, y eubacterias,
34
 pero 
diferente en plantas superiores. Su estudio en los últimos años
35
 ha permitido caracterizar 
la mayoría de los genes involucrados en la carotenogésis, no solamente en plantas 
superiores, sino también en cianobacterias y algas. Sin embargo, en la actualidad todavía 
no se conocen todas las enzimas involucradas, lo que ha provocado que algunas rutas 
biosintéticas se hayan propuesto a partir de la estructura de los carotenoides aislados.
36
 
La presencia de β,-caroteno en todos los eucariotas fotosintéticos y cianobacterias 
y el elevado grado de homología entre los genes involucrados en la carotenogénesis de 
cianobacterias, algas y plantas terrestres, sugiere que la ruta de biosíntesis general fue 
heredada desde las cianobacterias ancestrales.
37
 La biosíntesis de carotenoides puede 
dividirse formalmente en cinco etapas (Figura 1.9): 
1. Formación de la unidad estructural de pirofosfato de isopentenilo (IPP, C5) y su 
isómero alílico, el pirofosfato de dimetilalilo (DMAPP, C5), a partir de las rutas 
del ácido mevalónico (MVA)
 38
 y del 2-C-metil-D-eritritol-4-fosfato (MEP),
39
 
que se producen en el citoplasma y el estroma, respectivamente. 
                                                 
33
 Altincicek, B.; Kovacs, J. L.; Gerardo, N. M. Biol. Lett. 2012, 8, 253. 
34
 Harker, M.; Bramley, P. M. FEBS Lett. 1999, 448, 115. 
35
 (a) Yan, P.; Gao, X. Z.; Shen, W. T.; Zhou, P. Mol. Biol. Rep. 2011, 38, 785. (b) Cong, L.; Wang, C.; Li, 
Z.; Chen, L.; Yang, G.; Wang, Y.; He, G. Mol. Biol. Rep. 2010, 37, 3351. (c) Sandmann, G.; Roemer, S.; 
Fraser, P. D. Metab. Eng. 2006, 8, 291. 
36
 Enzimas y genes carotenogénicos: IDI tipo I, pirofostato de isopentenilo:pirofostato de dimetilalilo 
isomerasa tipo I; IDI tipo II, pirofostato de isopentenilo:pirofostato de dimetilalilo isomerasa tipo II; CrtE, 
pirofostato de geranilgeranilo sintasa; CrtB, fitoeno sintasa; CrtP, fitoeno desaturasa; Z-ISO, ζ-caroteno 
isomerasa; CrtQ, ζ-caroteno desaturasa; CrtH/CrtISO, caroteno isomerasa; CrtL-e, licopeno β-ciclasa; 
CrtL-b, licopeno ε-ciclasa; CrtR-e, caroteno β-hidroxilasa; CrtR-b, caroteno ε-hidroxilasa; Zep, zeaxantina 
epoxidasa; Vde, violaxantina des-epoxidasa; CrtW, β-caroteno cetolasa; CrtO, β-caroteno cetolasa; CrtZ, 
caroteno β-hidroxilasa; Nsy, neoxantina sintasa; CrtG, 2,2’-β-hidroxilasa; CruE, anillo-β 
desaturasa/metiltransferasa; CruH, anillo-χ C18-hidrolasa. 
37
 Lohr, M., Carotenoid Metabolism in Phytoplankton. In Phytoplankton Pigments: Characterization, 
Chemotaxonomic and Applications in Oceanography: Roy, S.; Llewellyn, C. A.; Egeland, E. S.; Johnsen, G., 
Eds. Cambridge University Press: Cambridge, 2011. 
38
 Miziorko, H. M. Arch. Biochem. Biophys. 2011, 505, 131. 
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2. Formación de fitoeno (C40) por condensación de dos unidades de pirofosfato de 
geranilgeranilo (GGPP, C20) en el estroma, previa eliminación de un grupo 
difosfato, obteniéndose inicialmente el 15-cis-fitoeno (C40). 
3. Introducción de una serie de insaturaciones e isomerizaciones consecutivas 
para transformar 15-cis-fitoeno en licopeno. 
4. Ciclación de los extremos de licopeno para la obtención de carotenoides 
simétricos y no simétricos, así como carotenoides aromáticos. La biosíntesis de 
carotenoides se bifurca en dos rutas dependiendo del tipo de ciclación que 
sufran los extremos de licopeno, pudiendo producirse dos tipos de anillos, ε- o 
β-, que únicamente difieren en la posición de un doble enlace en el anillo de 
ciclohexeno. Aunque β-caroteno y sus derivados xantófilas son omnipresentes, 
α-caroteno y derivados se encuentran principalmente en plantas terrestres, 
algas verdes y algunas especies de algas rojas y cianobacterias.
37  
Pueden 
producirse también insaturaciones adicionales. 
5. La formación de carotenoides oxigenados (xantófilas), a partir de - y -
caroteno mediante oxidación enzimática. 
 
La hidroxilación de la posición C3 es el primer paso en la formación de la mayoría 
de las xantófilas, como luteína, zeaxantina y violaxantina, precursores de una gran 
variedad de carotenoides hidroxilados. En base a los resultados experimentales, se han 
podido establecer relaciones biogenéticas entre las dos ramas. Por ejemplo, estudios 
basados en la elucidación estructural de carotenoides proponen a violaxantina como el 
precursor común de todos los carotenoides que presentan en su estructura un C6,C8-aleno 
o un C7,C8-acetileno, como es el caso de peridinina o de diadinoxantina, respectivamente, 
lo cual se confirmó incorporando 
14
C-zeaxantina a un cultivo axénico (de una sola especie 
microbiana proveniente de una sola célula) de Amphidinium carterae, observándose su 
rápida transformación en 
14








                                                                                                                                                    
39
 (a) Lichtenthaler, H. K. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 47. (b) Eisenreich, W.; 
Bacher, A.; Arigoni, D.; Rohdich, F. Cell. Mol. Life Sci. 2004, 61, 1401. 
40
 Swift, I. E.; Milborrow, B. V.; Jeffrey, S. W. Phytochemistry 1980, 21, 2859. 
  
Figura 1.9. Biosíntesis de los principales carotenoides en algas y cianobacterias. En negrita se representan los productos mayoritarios de cada ruta (carotenoides 
restringidos a algas verdes se muestran en verde; en azul los de cianobacterias; en granate los cromalveolados (p.ej., diatomeas y dinoflagelados) (adaptado de las 




1.3. Síntesis de carotenoides 
 
Tradicionalmente, el diseño de una metodología orientada a la síntesis de 
carotenoides, tanto los simétricos como los no simétricos, se ha basado en la disección del 
esqueleto en tres fragmentos, dos laterales y uno central del que forma parte la cadena 
poliénica. 
El diseño de rutas sintéticas orientadas a la obtención de los grupos terminales 
sigue constituyendo un reto sintético de mayor o menor complejidad en función de la 
presencia o no de centros estereogénicos y del grado de funcionalización. A pesar de que la 
experiencia ha demostrado que conviene sintetizar estos fragmentos previamente a su 
incorporación al polieno, no se ha podido establecer un criterio general debido a la elevada 
diversidad de los carotenoides, por lo que es necesario desarrollar una estrategia “a la 
carta” para los de mayor complejidad estructural. 
Una vez sintetizados todos los fragmentos, estos deben ser ensamblados a través de 
las reacciones correspondientes en relación a la funcionalidad requerida. Tradicionalmente, 
la última etapa seleccionada para la síntesis de carotenoides consistía en una reacción de 
olefinación que contribuye a la formación del polieno final. Sin embargo, el desarrollo de 
las reacciones de formación de enlaces sencillos catalizadas por metales de transición ha 
modificado el criterio de selección de esta última etapa, lo que ha permitido diferenciar dos 
estrategias sintéticas orientadas a la síntesis de los carotenoides de acuerdo con la 
naturaleza del último enlace formado (Figura 1.10): 
 
 




A continuación se mostrarán algunos ejemplos del empleo de ambas metodologías 
a la síntesis de carotenoides, concretamente de xantófilas. 
 
 
1.3.1.  Síntesis de carotenoides empleando la estrategia A 
 
Se basa en la formación, durante la construcción del esqueleto del carotenoide, de 
un enlace doble, tradicionalmente mediante reacciones de olefinación, entre las que se 
encuentran las reacciones de Wittig, de Horner-Wadsworth-Emmons y de Julia (o Julia-
Kocienski) y, más recientemente, la metátesis de olefinas. 
Así, Ito y colaboradores
41
 emplearon una reacción de Wittig siguiendo un esquema 
de condensación C15 + C10 + C15 como etapa clave en la síntesis del norcarotenoide C40 
fucoxantina 1.7. Mediante dos reacciones de Wittig consecutivas con el dialdehído 
simétrico C10, se construyó el esqueleto del norcarotenoide, dejando como última etapa la 
epoxidación del doble enlace C5-C6. En ambas olefinaciones se obtuvo una mezcla E/Z en 
una relación 1:1, haciendo necesaria la isomerización de la olefina Z por tratamiento con 
PdCl2(CH3CN)2 y Et3N (Esquema 1.1). La incorporación del eje alénico quiral se llevó a 
cabo por reducción con DIBAL del oxirano propargílico, que tiene lugar de forma 
diastereoselectiva por complejación del alano con el oxígeno. 
                                                 
41
 (a) Yamano, Y.; Ito, M. Chem. Pharm. Bull. 1994, 42, 410. (b) Yamano, Y.; Tode, C.; Ito, M. J. Chem. 





Esquema 1.1. Reactivos y condiciones: a. i. 1.19, NaOCH3, CH2Cl2, 2 h, 0 ºC. ii. NaOH aq, 15 
min, 25 ºC, 61% (2 pasos). b. PdCl2(CH3CN), Et3N, CH3CN, 2.5 h, 25 ºC, 94%. c. TESOTf, γ-
colidina, CH2Cl2, 10 min, 0 ºC, 79%. d. i. DIBAL, CH2Cl2, 1 h, 0 ºC. ii. MnO2, THF, 4 h, 25 ºC, 
84% (2 pasos). e. NaBH4, MeOH, 30 min, 0 ºC, 96%. f. i. LiCl, γ-colidina, DMF, 15 min, 0 ºC. ii. 
MsCl, 1.5 h, 0 ºC. iii. PPh3, CH3Cl, 17h, 50 ºC, 74% (3 pasos). g. i. 1.23, NaOCH3, CH2Cl2, 1.5 h, 0 
ºC a 25 ºC ii. Ac2O, piridina, 15 h, 25 ºC. iii. AcOH, THF, TBAF, 1 h, 25 ºC, 46% (3 pasos). h. 
PdCl2(CH3CN)2, Et3N, CH3CN, 2.5 h, 25 ºC, 45%. i. MCPBA, CH2Cl2, 1h, 0 ºC, 36%. 
 
La escasa selectividad mostrada, que obligaba a la manipulación adicional de los 
polienos obtenidos, así como la sensibilidad al impedimento estérico de la reacción de 
Wittig, entre otros factores, llevó a su sustitución por la reacción de Horner-Wadsworth-
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Emmons en la síntesis de carotenoides. Además, el empleo de esta olefinación permitió 




Otra olefinación ampliamente empleada en la síntesis de carotenoides es la reacción 
de Julia, tanto en su versión clásica (Julia-Lythgoe)
43
 como en la modificación de Julia-
Kocienski,
44
 que hacen uso de (heteroaril)sulfonas y aldehídos o cetonas. Esta metodología 
fue la seleccionada por Ito y colaboradores
45
 para la síntesis de pirroxantina 1.9 como 
racemato. Sin embargo, los resultados obtenidos mostraron la escasa estereoselectividad de 
la reacción de Julia-Lythgoe, así como la dificultad para la obtención de fenilsulfonas de 
fragmentos insaturados. La butenolida se formó en la misma etapa de condensación de 
Julia al atraparse la hidroxisulfona intermedia con el éster del fragmento 1.29, pero se 
obtuvo en bajo rendimiento y como mezcla de isómeros 11E/11Z en una relación 1:1. Cabe 
destacar que, debido a la tendencia que presenta el enino a la isomerización, se obtuvieron 
mezclas de isómeros en C9’ y el carotenoide se obtuvo en un 13% de rendimiento 
(Esquema 1.2). 
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 (a) Horner, L.; Hoffmann, H.; Wippel, H. G. Chem. Ber. 1958, 91, 61. (b) Horner, L.; Hoffmann, H.; 
Wippel, H. G.; Klahre, G. Chem. Ber. 1959, 92, 2499. (c) Wadsworth, W. S.; Emmons, W. D. J. Am. Chem. 
Soc. 1961, 83, 1733. 
43
 (a) Julia, M.; Paris, J.-M. Tetrahedron Lett. 1973, 14, 4833. (b) Kocienski, P. J.; Lythgoe, B.; Roberts, D. 
A. J. Chem. Soc., Perkin Trans. 1 1978, 834. (c) Kocienski, P. J.; Lythgoe, B.; Ruston, S. J. Chem. Soc., 
Perkin Trans. 1 1978, 829. (d) Kocienski, P. J.; Lythgoe, B.; Ruston, S. J. Chem. Soc., Perkin Trans. 1 1979, 
1290. 
44
 (a) Evans, W. J.; Smiles, S. J. Chem. Soc. 1935, 181. (b) Baudin, J. B.; Hareau, G.; Julia, S. A.; Ruel, O. 
Tetrahedron Lett. 1991, 32, 1175. (c) Blakemore, P. R. J. Chem. Soc., Perkin Trans. 1 2002, 2563. (d) Aïssa, 
C. Eur. J. Org. Chem. 2009, 1831. 
45
 (a) Ito, M.; Hirata, Y.; Shibata, Y.; Tsukida, K. J. Chem. Soc., Perkin Trans. 1 1990, 197. (b) Yamano, Y.; 




Esquema 1.2. Reactivos y condiciones: a. i. CH3ONa, MeOH, CH2Cl2, 20 min, 25 ºC ii. H2SO4 
1.5M, acetona, 20 min, 25 ºC, 66% (2 pasos, 63:37 11’E/11’Z). b. i. NaBH4, MeOH, 15 min, 0 ºC. 
ii. Ac2O, Py, 15 h, 25 ºC. c. PhSO2Na, iPrOH, H2O, 20 h, reflujo, 62% (2 pasos, 50:50 9’E/9’Z). d. 
1.30, LDA, THF, 40 min, -78 a 25 ºC, 13% (50:50 11Z/11E). 
 
Los mismos autores emplearon esta metodología para la síntesis de peridinina 1.1, 
obteniéndose resultados similares (Esquema 1.3). Al igual que en la metodología empleada 
por los mismos autores en la síntesis de fucoxantina 1.7, la formación del aleno se basó en 




Esquema 1.3. Reactivos y condiciones: a. i. DIBAL, CH2Cl2, 1 h, 0 ºC. ii. MnO2, THF, 4 h, 25 ºC, 
84% (2 pasos). b. i. CH3ONa, MeOH, CH2Cl2, 30 min, 25 ºC. ii. 3% HCl, Et2O, 25 ºC; 11’E, 41%; 
11’Z, 38%. c. i. NaBH4, MeOH, 15 min, 0 ºC. ii. Ac2O, Py, 15 h, 25 ºC. d. PhSO2Na, iPrOH, H2O, 
20 h, reflujo, 63% (2 pasos). e. 1.29, LDA, THF, -78º C, 11% (50:50 11Z/11E). 
 
Posteriormente, el desarrollo de las heteroarilsulfonas que, una vez desprotonadas, 
se adicionan a aldehídos y las hidroxisulfonas intermedias sufren  espontáneamente y en 
condiciones más suaves, la eliminación de SO2 y la olefina mediante un reordenamiento de 
Smiles (olefinación de Julia modificada), permitió extender su uso a la síntesis de estos 
polienos altamente inestables. Así, Katsumura
46
 y colaboradores emplearon una 
benzotiazolil sulfona en la síntesis estereoselectiva de peridinina 1.1, y el carotenoide se 
obtuvo como mezcla de isómeros 15E/15Z en una relación 1:3 debido a la 
diastereoselectividad moderada que presentan las heteroarilsulfonas insaturadas (Esquema 
1.4). 
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Esquema 1.4. Reactivos y condiciones: a. DIBAL, CH2Cl2, 10 min, 0 ºC, 80%. b. 2-
mercaptobenzotiazol, PPh3, DIAD, THF, 1.5 h, 25 ºC, 78%. c. (NH4)6Mo7O24·4H2O, H2O2 (30% en 
H2O), EtOH, 0º C, 1 h, 89%. d. 1.36, NaHMDS, -78 ºC, 5 min, 50% (1:3 E/Z). e. C6H6, 25 ºC, 3 d 




 mostraron la versatilidad de esta metodología sintetizando 
otro norcarotenoide C40, fucoxantina 1.7, por condensación de dos fragmentos C20 
funcionalizados como aldehído y como alenilsulfona, respectivamente, y formando la 
epoxicetona en la última etapa debido a su inestabilidad. Al igual que en la síntesis de 
peridinina 1.1, el eje alénico quiral se forma mediante una reducción SN2’ del 
correspondiente alquiniloxirano. La reacción de Julia-Kocienski proporcionó en un 56% de 
rendimiento el producto deseado como mezcla de diastereómeros, lo que dificultó la 
identificación de los isómeros que formaban parte de la mezcla. Tras la oxidación y 
desprotección, el análisis mediante cromatografía líquida de alta eficacia (HPLC) permitió 
identificar un producto mayoritario (45% de rendimiento) que, tras isomerización por 
irradiación fotoquímica en benceno y en atmósfera de argón, permitió obtener fucoxantina 
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en un 76% de rendimiento. Los productos minoritarios fueron identificados como los 
isómeros 15Z y 13Z  del carotenoide natural (Esquema 1.5). 
 
Esquema 1.5. Reactivos y condiciones: a. i. MnO2, 25 min, 25 ºC. ii. n-BuLi, DMPU, 1.38, 30 
min, -78 a 25 ºC, 73% (2 pasos, 15:1 13E/13Z). b. KOHaq, MeOH, 5 min, 25 ºC, 96%. c. TESCl, 
DMF, 10 min, 25 ºC, 95%. d. i. DIBAL, CH2Cl2, 10 min, -78º C. ii. HS-BT, PPh3, DIAD, THF, 10 
min, 0 ºC, 84% (2 pasos). e. DMP, CH2Cl2, 10 min, 25 ºC, 70%. f. (NH4)6Mo7O24, 30% H2O2, 50 
min, 0 ºC, 65%. g. TESCl, imidazol, DMF, 10 min, 25 ºC, 74%. h. NaBH4, CeCl3, < 3 min, 0 ºC, 
90%. i. 1.41, NaHMDS, THF, 5 min, 0 ºC, 56%. c. DMP, CH2Cl2, 20 min, 25 ºC, 61%. d. PPTS, 
MeOH, 25 min, 25 ºC, 70%. 
 
Recientemente, nuestro grupo de investigación ha extendido el uso de una poderosa 
herramienta de gran actualidad, la metátesis de olefinas, a la síntesis de carotenoides.
48
 A 
pesar de sus numerosas aplicaciones
49
 su extensión a la preparación de cadenas poliénicas 
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conjugadas no ha sido desarrollada, debido quizás a la escasa quimio y estereoselectividad 
que podría anticiparse, y a la elevada inestabilidad intrínseca de los polienos.
50
 
No obstante, empleando la reacción de metátesis, recientemente hemos descrito la 
obtención de diferentes carotenoides simétricos con elevadas selectividades y 
rendimientos. Además, pueden seleccionarse diversos patrones de condensación (Figura 
1.11), lo que aumenta su versatilidad. El empleo de la reacción de metátesis nos ha 
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Figura 1.11. Patrones de condensación empleados en nuestro grupo de investigación para la 
síntesis de carotenoides simétricos mediante la reacción de metátesis. 
 
Otra aproximación a carotenoides simétricos se basa en la reacción del 
diyodoheptaeno central 1.43 con los correspondientes fragmentos laterales mediante 




Esquema 1.6. Reactivos y condiciones: a. Grubbs de 2ª generación, CH2Cl2, cat. BHT, 25 ºC, 6.5 
h, 53%. b. Pd(PPh3)4, CuTC, [NBu4][Ph2PO2], THF, cat. BHT, 25 ºC, 1.5 h, 86%. 
 
 
1.3.2.  Síntesis de carotenoides empleando la estrategia B  
 
Como se indicó anteriormente, la otra estrategia general para la síntesis de 





(Estrategia B). Las transformaciones sintéticas más empleadas son los acoplamientos 
cruzados catalizados por metales de transición (p.ej., las de Miyaura-Suzuki y de Kosugi-
Migita-Stille, entre otras) debido, entre otros aspectos, a que pueden transcurrir en 
condiciones suaves de reacción, lo que garantiza la integridad estereoquímica de los 
fragmentos empleados, así como la de los productos obtenidos.
53
 
En este contexto, nuestro grupo de investigación ha sido pionero en el empleo de 
los acoplamientos cruzados catalizados por Pd, tanto la reacción de Suzuki como la 
reacción de Stille, en la síntesis de retinoides, polienos estructuralmente relacionados con 
los carotenoides.
54
 Como extensión a este trabajo, posteriormente se abordó a la síntesis de 
polienos de mayor complejidad, concretamente de 6’-epi-peridinina 1.1,55 la cual fue 
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sintetizada empleando dos acoplamientos cruzados consecutivos catalizados por paladio. 
Para la síntesis del fragmento C18 se empleó, a su vez, una reacción de Stille entre un 
bromo-aleno aR y un estannano sulfona (Esquema 1.7). Sin embargo, y a pesar de los 
intentos para obtener mayoritariamente el producto acoplado de configuración 6’aR, que 
conduciría a peridinina 1.1, se obtuvo como único producto el estereoisómero de 
configuración 6’aS. Un estudio posterior permitió desarrollar las condiciones de reacción 




Esquema 1.7. Reactivos y condiciones: a. PdCl2(PhCN)2, iPr2NEt, DMF/THF, 1.5h, 40 ºC, 64%. b. 
NaHMDS, THF, 2h, -78 ºC, 70% (3:1 11’Z/11’E). c. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], 
BHT, THF, 5.5 h, 25 ºC, 82%. d. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], BHT, THF, 31 h, 55 
ºC, 72%. 
 
Dado nuestro interés en la síntesis estereocontrolada de polienos, se abordaron dos 
rutas alternativas para la síntesis estereoselectiva de peridinina 1.1, combinando las 
reacciones de Stille y de Julia-Kocienski, en distinto orden (Ruta A, Julia-Stille-Stille; Ruta 
B, Stille-Stille-Julia).
57
 Aunque ambas rutas solo se diferencian en el orden en que se 
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ejecutan las transformaciones claves, la Ruta B requiere de una etapa de isomerización 
adicional debido a que la olefinación de Julia-Kocienski es la última etapa de construcción 
del esqueleto carbonado y en ella se obtiene mayoritariamente el isómero 11’-cis de 
peridinina 1.1. Sin embargo, en la Ruta A y debido a que la reacción de Julia-Kocienski se 
lleva a cabo en las etapas iniciales de la síntesis, la isomerización del doble enlace obtenido 
con geometría cis se produce durante el acoplamiento cruzado posterior, reduciendo la 
longitud de la síntesis en una etapa (Esquema 1.8). 
 
Esquema 1.8. Reactivos y condiciones: a. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], DMF, 4.5 h, 
25 ºC, 68% b. MnO2, Na2CO3, CH2Cl2, 2h, 0 ºC, 72%. c. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], 
THF, 19 h, 55 ºC, 69%. d. NaHMDS, THF, 2.5h, -78 a 0 ºC, 78%. e. Pd2(dba)3·CHCl3, AsPh3, 
DMF, 7 h, 25 ºC, 83%. f. NaHMDS, THF, 2.5h, -78 ºC, 78% (3:1 11’Z/11’E). g. Pd2(dba)3·CHCl3, 
AsPh3, [Bu4N][Ph2PO2], DMF, 4 h, 25 ºC, 63% (3.5:1 11’Z/11’E). h. Pd2(dba)3·CHCl3, AsPh3, 
[Bu4N][Ph2PO2], THF, 19 h, 55 ºC, 69%. 
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La metodología desarrollada se extendió a la síntesis de (9’Z)-pirroxantina 1.8 
siguiendo un esquema de condensación C18 + C8 + C11 y empleando el estannano C18, 
anteriormente sintetizado.
58
 Durante el primer acoplamiento de Stille entre el estannano 
C18 y la -alquilidenbutenólida C8 se observó la formación del enino 9’Z como único 
isómero y en un buen rendimiento, a pesar de emplear condiciones de reacción suaves, lo 
que puso en evidencia la facilidad de isomerización que presentan este tipo de eninos 
(Esquema 1.9). 
 
Esquema 1.9. Reactivos y condiciones: a. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], BHT, THF, 
6.5 h, 25 ºC, 90%. b. Pd2(dba)3·CHCl3, AsPh3, [Bu4N][Ph2PO2], BHT, THF, 43 h, 55 ºC, 37%. 
 
La reacción de Stille con tres acoplamientos cruzados catalizados por paladio 
consecutivos fue la seleccionada por Brückner y colaboradores
59
 para la síntesis de este 
mismo carotenoide, siguiendo un esquema de condensación C11 + C7 + C8 + C11. A pesar de 
que el éxito de la estrategia se basa en la diferente reactividad de los dos centros reactivos 
del diestannano C7, por motivos estéricos, y de la dibromobutenolida, por motivos 
electrónicos, pirroxantina 1.9 (38%) se obtiene acompañada de una mezcla de cuatro 
isómeros, siendo uno de ellos 11-cis-pirroxantina 1.9 (6%) y el 3% restante una mezcla de 
productos sin identificar (Esquema 1.10). 
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Reactivos y condiciones: a. Pd(PPh3)4, CuI, NMP, 12h, 50 ºC, 75%. b. 
Tiocarbonilimidazol, CH2Cl2, 1 h, 0 ºC; Et3N, 5 min, 25 ºC, 73%. c. HClac (1M)/MeOH/THF 
(1:1:4), 1.5 h, 0 ºC, 94%. d. 1.64, Pd2(dba)3·CHCl3, P(2-furilo)3, [Bu4N][Ph2PO2], NMP, 2 h, 25 ºC; 
1.66, 3 h, 55 ºC. 
 
Utilizando fragmentos difuncionalizados, Burke y colaboradores
60
 han descrito  la 
síntesis estereocontrolada de peridinina 1.1 empleando una metodología de acoplamientos 
cruzados iterativa que hace uso como herramienta sintética de la reacción de Suzuki-
Miyaura. Los autores siguieron un esquema de condensación C11 + C8 + C7 + C11, de tal 
forma que los fragmentos C8 y C7 están funcionalizados en los extremos como halogenuros 
(bromuro y yoduro, respectivamente) y como boronatos del ácido N-metiliminodiacético 
(MIDA), pudiendo llevar a cabo los acoplamientos cruzados con quimioselectividad 
(Esquema 1.11). 
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Esquema 1.11. Reactivos y condiciones: a. i. NaOH, THF/H2O, 15 min, 23 ºC, 95%. ii. 1.68 
Pd(OAc)2, XPhos 1.69, K3PO4, tolueno/THF, 24.5 h, 45 ºC, 79%. b. i. pinacol, NaHCO3, MeOH, 3 
h, 45 ºC, 99%. ii. 1.71, PdCl2(PPh3)2, Ag2O, DMSO, 12 h, 45 ºC, 45%. c. i. 1.73, Pd(OAc)2, XPhos 
1.69, THF/H2O, 1.5 h, 23 ºC, 60%. ii. HF-piridina, piridina, THF, 23 ºC, 3h (65%). 
 
Los mismos autores aplicaron también la metodología desarrollada a la síntesis de 
otro carotenoide, sinecoxantina 1.74,
61
 extendiendo la flexibilidad y demostrando su poder, 
como plataforma para la síntesis de moléculas pequeñas (o de tamaño medio, Esquema 
1.12). 
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1.4. Síntesis de norcarotenoides relacionados con 
peridinina. Objetivos 
 
Como se ha mostrado anteriormente, nuestro grupo de investigación ha sido 
pionero en la aplicación de las reacciones catalizadas por paladio, concretamente de la 
reacción de Stille y de Suzuki, a la síntesis estereoselectiva de moléculas poliénicas.
54 
En 
este contexto, hemos llevado a cabo la síntesis de un carotenoide altamente funcionalizado, 
peridinina 1.1, el pigmento fotosintético más abundante en la naturaleza, aislado de 
dinoflagelados del plancton (p.ej., Amphidinium carterae) y asociado a las mareas rojas. 
Tal y como se mostró anteriormente, el esquema sintético seleccionado fue C11 + C8 + C3 + 
C15, empleando como herramientas sintéticas dos reacciones de Stille y la olefinación de 
Julia-Kocienski (Esquema 1.8), las cuales fueron llevadas a cabo en diferente orden, 
definiendo así dos rutas sintéticas (Ruta A, tres etapas; Ruta B, cinco etapas) alternativas 
para llevar a cabo, con éxito, la síntesis del carotenoide. 
Sin embargo, durante el desarrollo de este trabajo pudimos observar la 
epimerización total del fragmento C15, funcionalizado como benzotiazolilsulfona, cuando 
se obtenía a través de una reacción de Stille a partir del bromoaleno (Esquema 1.13), lo que 
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nos llevó a sintetizar inicialmente el epímero del carotenoide, 6’-epi-peridinina.55 La 
pérdida de la integridad estereoquímica de bromoalenos en reacciones catalizadas por 
paladio, concretamente en la reacción de Negishi, ya había sido descrito anteriormente por 
Veermer y colaboradores, quienes observaron que el empleo de yodoalenos conducía a los 
productos deseados con retención de la configuración del eje alénico.
62
 Recientemente, 
Burke y colaboradores, durante su síntesis de peridinina, anteriormente mencionada, 





Esquema 1.13. Reactivos y condiciones: a. i. BTSH, DIAD, PPh3, THF, 30 min, 0 a 25 ºC, 98%. ii. 
(NH4)6Mo7O24·4H2O, H2O2 35%, 2.5 h, 25 ºC, 56%. b. PdCl2(PhCN)2, iPr2NEt, DMF/THF, 1.5 h, 
40º C, 64%. 
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Estos resultados y la obtención de mezcla de los dos diastereómeros cuando se hizo 
uso de derivados de yodo, nos llevó a realizar un estudio, computacional y experimental, 
de la estereoselectividad de la reacción de Stille cuando se emplean haloalenos, pudiendo 
determinar que el resultado dependía de las condiciones de reacción empleadas (precursor 
de paladio, ligando y disolvente), concretamente de la naturaleza de la especie activa de 
paladio.
56
 Así, catalizadores de paladio más voluminosos permitían preservar la integridad 
estereoquímica, mientras que el metal en ausencia de ligandos conducía exclusivamente al 
producto con inversión de la configuración del eje alénico, resultados que fueron 
justificados mediante la existencia de dos procesos competitivos en los que participa el 
haloaleno y el metal, la adición oxidante o una secuencia SN2’-paladotropía (Figura 1.12), 
que conducen a resultados estereoquímicos opuestos. 
 
 
Figura 1.12. Mecanismo propuesto para la estereoselectividad de la reacción de Stille con 
haloalenos quirales. 
 
El estudio computacional permitió observar que el hidroxilo terciario en C5 
favorecía la anti-SN2’ mediante una coordinación con el metal. Una interacción similar fue 
propuesta recientemente por Aggarwal y colaboradores
63
 para explicar la 
estereoselectividad observada en la síntesis enantioselectiva de alenos mediante el 
acoplamiento cruzado de Suzuki-Miyaura de boronatos propargílicos y yodoarenos. 
                                                 
63
 Partridge, B. M.; Chausset-Boissarie, L.; Burns, M.; Pulis, A. P.; Aggarwal, V. K. Angew. Chem. Int. Ed. 
2012, 51, 11795. 
Introducción 
46 
Para la consecución del objetivo sintético, se planteó una síntesis alternativa de este 
fragmento que, aunque más laboriosa, permitió obtener la sulfona C15 con total 
estereoselectividad, incorporando el aleno a partir del alquino 1.81 mediante una reducción 
diastereoselectiva inducida por el oxirano presente en el sustrato para, posteriormente, 
funcionalizarlo como sulfona (Esquema 1.14). 
 
 
Esquema 1.14. Reactivos y condiciones: a. I2, CH2Cl2, 25 ºC, 98%. b. Pd(PPh3)4, CuI, iPr2NEt, 1 h, 
25 ºC, 78%. c. DIBAL, CH2Cl2, 10 min, 0 ºC, 99%. d. BTSH, DIAD, PPh3, THF, 30 min, 0 a 25 
ºC, 100%. e. i. HCO2H, THF, H2O, 2 h, 25 ºC. ii. Ac2O, Py, 15h, 25 ºC, 99% (2 pasos). f. 
(NH4)6Mo7O24·4H2O, H2O2aq, 16 h, -10 ºC, 93%. 
 
Los hitos sintéticos alcanzados durante la síntesis de peridinina 1.1, nos llevaron a 
extender estas metodologías a la síntesis de otros polienos pertenecientes a la familia de los 
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carotenoides. En 2003, Iguchi y colaboradores
64
 aislaron e identificaron, a partir de 
extractos obtenidos de un alga simbiótica del coral Clavularia viridis, dos norcarotenoides 
estructuralmente relacionados con peridinina 1.1, el trans-(8R,6’R)-peridinin-5,8-
furanóxido 1.83 y el trans-(8S,6’R)-peridinin-5,8-furanóxido 1.83 (Figura 1.13). Debido a 
que el efecto beneficioso de los carotenoides frente a diversos tumores, como peridinina 
1.1, ya había sido descrito anteriormente, Iguchi y colaboradores estudiaron la actividad de 
los dos norcarotenoides aislados frente al crecimiento de células tumorales de 39 líneas 
diferentes, observándose que presentaban actividades moderadas, además de una cierta 
discriminación en función del diastereómero utilizado, siendo más activo el trans-(8S,6’R)-
peridinin-5,8-furanóxido 1.83. 
 
Figura 1.13. Estructura de los dos carotenoides identificados por Iguchi y colaboradores
64
 y 
esquema retrosintético propuesto. 
 
Ambos carotenoides, estructuralmente relacionados con peridinina y que solo 
difieren en la configuración del estereocentro C8, fueron nuestro primer objetivo como 
extensión de la metodología desarrollada anteriomente. Para ello se planteó un esquema de 
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condensación C20 + C6 + C11 por el que el fragmento alénico C11 se conectará al fragmento 
central siguiendo las condiciones de reacción desarrolladas anteriormente para la reacción 
de Stille diastereoselectiva que conducen al producto de reacción manteniendo la 
integridad estereoquímica del aleno. Otro acoplamiento catalizado por paladio será 
empleado para la construcción del fragmento lateral restante, de tal forma que el uso 
alternativo de un bromoaleno o de un yodoaleno nos conduciría a los aleniltrienos con las 
configuraciones adecuadas, sobre los cuales se construirán los dihidrofuranos fusionados 
mediante una O-ciclación para la obtención de los dos norcarotenoides diastereoméricos en 
C8 (Figura 1.14). Adicionalmente, se desarrollará una nueva estrategia para la construcción 
del fragmento que contiene la butenólida por heterociclación de 1.88, que a su vez se 
preparará empleando como material de partida el trans-2,3-dibromoacrilato de etilo en una 
reacción de Sonogashira quimioselectiva. 
 




Otro de los carotenoides relacionado con peridinina, tanto en el origen natural como 
en la estructura, es pirroxantina 1.9,
65
 un norcarotenoide acetilénico. Como se ha 
mencionado, su síntesis ya fue abordada anteriormente, observándose la tendencia natural 
de los eninos a la isomerización y obteniéndose exclusivamente 9’-cis-pirroxantina.58 Para 
evitar la isomerización del enino, se plantea como última etapa una reacción de HWE entre 
1.89 y 1.36. El fosfonato C17 se preparará mediante una reacción de Sonogashira (Figura 
1.15). 
 
Figura 1.15. Esquema retrosintético propuesto para la síntesis de pirroxantina. 
 
El esquema retrosíntetico propuesto se basa en un esquema de condensación C17 + 
C20 que hace uso del fragmento C20, propuesto anteriormente para la síntesis de los 
furanóxidos de peridinina. Se abordarán dos aproximaciones adicionales a la síntesis de 
este fragmento, basados en una reacción de Suzuki y en una olefinación de Horner-
Wadsworth-Emmons, respectivamente (Figura 1.16). 
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Figura 1.16. Esquema retrosintético propuesto para la síntesis del fragmento C20. 
  









The first total synthesis of the xanthophyll all-trans-(8R,6’R)-peridinin-5,8-
furanoxide (8R,6’R)-3, a C37 norcarotenoid isolated from a symbiont Symbiodinium 
dinoflagelate of the host soft coral Clavulania viridis, has been achieved. The key steps of 
the synthetic sequence are a modified Julia condensation and a late stage stereoretentive 
Stille cross-coupling of an iodoallene. The preparation of functionalized fragments for the 
end-game steps comprise a Sonogashira cross-coupling followed by halolactone formation, 
Stille coupling and acid-catalyzed ring expansion of an epoxybutadiene to the 5,8-
furanoxide ring. 
 




Among the diverse functions of carotenoids in Nature, their role in photosynthesis 
and photoprotection is the most important for the producing organisms.
1
 Carotenoids are 
light-harvesting antennae that transfer absorbed light to chlorophyll molecules in complex 
photosynthetic devices termed light harvesting complexes (LHCs). Although they differ in 
composition (both, in the carotenoid to chlorophyll ratio and in the nature of the energy 
donor and acceptor compounds), these highly specialized systems for efficient conversion 
of light into energy are present in all phyla.
1





Chl* and reducing reactive oxygen species (ROS) 
formation by non-photochemical fluorescence quenching (NPQ) mechanisms at the level 
of 
1
Chl*. In higher plants, NPQ (thermal dissipation of excess light energy process) is 
triggered by pH-dependent conformational changes of LHCs proteins complexes and by 
interactions of additional proteins brought about by oxidation of hydroxylated carotenoids 
(xanthophylls) to the corresponding epoxides.
2
 
In microalgae the most abundant photosynthetic pigments are the xanthophylls 
peridinin 1 and fucoxanthin 2. Among other sources, peridinin 1
3
 has been isolated from 
planktonic dinoflagelates, such as Amphidinium carterae, which are causally linked to “red 
tide” episodes. Two norcarotenoides (C37) related to 1 have been isolated from a 
dinoflagelate of the genus Symbiodinium, which is a symbiont of the host soft coral 
Clavulania viridis, a rich source of prostaglandins, were identified as the diastereoisomers 
at C8 of peridinin-5,8-furanoxide 3 (Figure 2.1).
4
 Although the treatment of peridinin with 
acid generates the mixture of furanoxides by rearrangement of the butadiene epoxide 
subunit,
5
 careful control experiments carried out by subjecting peridinin to the conditions 
of the isolation and purification protocols did not reveal the presence of these derivatives. 
                                                 
1
 Polívka, T.; Frank,  . A. Acc. Chem. Res. 2010, 43, 1125. 
2
 (a) Jahns, P.; Holzwarth, A. R. Biochim. Biophys. Acta (BBA) - Bioenergetics 2012, 1817, 182. (b) 
Lambrev, P. H.; Miloslavina, Y.; Jahns, P.; Holzwarth, A. R. Biochim. Biophys. Acta (BBA) - Bioenergetics 
2012, 1817, 760. 
3
 (a) Strain, H. H.; Svec, W. A.; Wegfahrt, P.; Rapoport, H.; Haxo, F. T.; Norgard, S.; Kjoesen, H.; Liaaen-
Jensen, S. Acta Chem. Scand., Ser. B 1976, 30, 109. (b) Kjoesen, H.; Norgard, S.; Liaaen-Jensen, S.; Svec, 
W. A.; Strain, H. H.; Wegfahrt, P.; Rapoport, H.; Haxo, F. T. Acta Chem. Scand., Ser. B 1976, 30, 157. 
4
 Suzuki, M.; Watanabe, K.; Fujiwara, S.; Kurasawa, T.; Wakabayashi, T.; Tsuzuki, M.; Iguchi, K.; Yamori, 
T. Chem. Pharm. Bull. 2003, 51, 724. 
5
 Haugan, J. A.; Englert, G.; Aakermann, T.; Glinz, E.; Liaaen-Jensen, S. Acta Chem. Scand. 1994, 48, 769. 
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Therefore, the furanoxides appear to be true natural products and not artifacts.
4
 A few other 





Figure 2.1. Allene-containing xanthophylls. 
 
As continuation of our studies on the total synthesis of carotenoids,
7
 we targeted the 
peridinin 5,8-furanoxides. We were prompted not only by the synthetic challenges 
encountered in their structures (non-symmetric C37 norcarotenoids with five stereogenic 
centers, one stereogenic axis and a butenolide as part of the conjugated side chain) but also 
because of the potent growth-inhibitory activity of unprecedented profile that these 




                                                 
6
 Britton, G.; Liaaen-Jensen, S.; Pfander, H., Eds. Carotenoids Handbook; Birkhäuser: Basel: 2004. 
7
 (a) Vaz, B.; Alvarez, R.; de Lera, A. R. J. Org. Chem. 2002, 67, 5040. (b) Vaz, B.; Alvarez, R.; Brückner, 
R.; de Lera, A. R. Org. Lett. 2005, 7, 545. (c) Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. J. Org. 
Chem. 2006, 71, 5914. (d) Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. Chem. Eur. J. 2007, 13, 
1273. (e) Fontán, N.; Domínguez, M.; Alvarez, R.; de Lera, A. R. Eur. J. Org. Chem. 2011, 6704. (f) Fontán, 
N.; Alvarez, R.; de Lera, A. R. J. Nat. Prod. 2012, 75, 975. 
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2.2. Results and Discussion 
 
Departing from our approach to peridinin 1,
7d
 we dissected compound 3 into three 
fragments (Scheme 2.1). The bis-functionalized C6 central component 5 featuring an 
stannane and a BT-sulfone at each end was traced back to but-2-yn-1-ol 10. Connective 
Stille and Julia-Kocienski reactions of 5 were conceived to attach the cyclic end group 
partners of complementary reactivity, namely 4 (a C20 fragment) and 6 (a C11 fragment), 
which are functionalized as alkenyliodide and aldehyde groups, respectively. In our 
original plan, we considered that the furanoxide 4 could be acquired by silver- or gold-
catalyzed cyclization
8
 of the allenol resulting from the Stille cross-coupling of bromoallene 
7
7b
 with the metallated alkylidenebutyrolactone 8. The construction of 8 would be based on 
another metal-mediated cyclization of the dienynoic acid obtained by Sonogashira 
coupling of dihaloacrylate 12 and protected enynol 11 followed by saponification. Thus, 
two different haloallenols (6 and 7),
7d
 both derived from (-)-actinol 9, were proposed as 
electrophilic components for the Stille coupling with two stannanes in reactions that would 
proceed with inversión (Br) and retention (I) of configuration. We expected these 
stereochemical outcomes to be feasible given previous studies in model systems.
 9, 10
 
                                                 
8
 (a) Gockel, B.; Krause, N. Org. Lett. 2006, 8, 4485. (b) Krause, N.; Winter, C. Chem. Rev. 2011, 111, 1994.  
9
 Woerly, E. M.; Cherney, A. H.; Davis, E. K.; Burke, M. D. J. Am. Chem. Soc. 2010, 132, 6941. 
10
  az, B.; Pereira, R.; Pérez, M.;  lvarez, R.; de  era, A. R. J. Org. Chem. 2008, 73, 6534. 
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Scheme 2.1. Retrosynhtetic analysis for peridinin furanoxide 3. 
 
Methyl diiodoacrylate 12a was obtained in 63% yield as a separable 78:22 mixture 
of E/Z isomers from the propargylic ester 13a by treatment with ICl and NaI in CH2Cl2.
11
 
The first attempts to perform the position-selective Sonogashira cross-coupling
12
 of 12a 
and 11a (with TBDMS as protecting group) using PdCl2(PPh3)2 and CuI in THF-Et3N (4:1) 
at 25 ºC led to a mixture of products identified as the homocoupled diyne 14a (21%), the 
C3-substituted 15a (37%) and the unselective disubstituted 16a (19%) cross-coupled 
products. Moreover, the C6=C7 bond geometry in the monocoupled product 15a was 
opposite to that expected, as deduced from the analysis of the chemical shifts of H7 (E:  
                                                 
11
 (a) Hénaff, N.; Stewart, S. K.; Whiting, A. Tetrahedron Lett. 1997, 38, 4525. (b) Henaff, N.; Whiting, A. J. 
Chem. Soc., Perkin Trans. 1 2000, 395. 
12
 Chinchilla, R.; Nájera, C. Chem. Rev. 2007, 107, 874. 
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6.19 ppm; Z:  5.92 ppm) and H8 (E:  3.99 ppm; Z:  4.59 ppm) of the isolated isomers. 
Although the isomerization could be avoided using Et3N during column chromatography, 
attempts at saponification of the ester led also to deprotection of the TBDMS group. Given 
these shortcomings in the chemo/regioselectivity of the reaction and the tedious separation 
of the reaction products, the dibromo analogues with a more robust TBDPS group were 
prepared instead. 





, CH2Cl2, 15 h, 25 ºC, 75%. (c) PdCl2(PPh3)2, CuI, THF/Et3N (4:1), 4 h, 25 ºC, 
87%. (d) LiOH·H2O, THF/H2O, 6 h, 25 ºC. (e) Ag2CO3, THF, 6h, 25 ºC (75% two steps). (f) 
PdCl2(CH3CN)2, (SnMe3)2, NMP, 6 h, 25 ºC, 60%. (g) PdCl2(CH3CN)2, (SnBu3)2 (2 equiv), NMP, 
1.5 h, 25 ºC, 51%. 
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 in CH2Cl2 at ambient 
temperature
13
 produced dibromide 12b in 75% yield as a single isomer after careful tuning 
of the reaction conditions (number of equivalents of the reagent and concentration, see 
S.I.). Sonogashira coupling of 12b and the TBDPS-protected enynol 11b using the 
conditions detailed above afforded as major product the C3-coupled dienyne 17b (48%), 
which was admixed with homodimer 14b (17%) and the bis-coupled derivative 16b (6%). 
Reducing the amount of CuI by half led to improvement of the selectivity and the desired 
product 17b was acquired in 75% yield, together with 10% of 14b and 3% of 16b.  
Under the conditions reported by Negishi (with 20 mol% Ag2CO3 in DMF, 25 ºC)
14
 
the silver carbonate-mediated lactone formation from the halocarboxylic acid 18 obtained 
by mild saponification of the ester 17b (LiOH·H2O, THF/H2O, 25 ºC) provided 19 in 75% 
combined yield. Alternative lactonization procedures using AuCl3 in other solvents were 
less productive: a mixture of 5-exo- and 5-endo-dig cyclization products 19/20 (17:83, 
45%) was obtained in THF, whereas the latter was the only product (28%) in CH2Cl2. The 
reactants were instead recovered if the Sonogashira reaction was carried out with 
AgI/Pd(PPh3)4, DIPEA in DMF
15




Several reaction conditions were surveyed for the bromine-to-stannane conversion 
starting from alkylidenelactone 19 (S.I.). Br-to-Li exchange using t-BuLi and trapping with 
Me3SnCl or Me3SnOTf led to product deterioration or recovery of starting lactone. 
Attempts to trap the alkenylmagnesium intermediate with tin oxide under Barbier 
conditions assisted by microwaves returned starting material.
17
 The treatment with sodium 
naphthalenide radical anion and trapping with Bu3SnCl also met with failure and 19 was 
recovered.
18
 In contrast, the Pd-catalyzed Br-to-Sn exchange was successful but the yields 
were low to moderate when hexabutyldistannane was used and higher with 
hexamethyldistannane obtained from a freshly opened bottle.
19
 However, the results were 
not reproducible and varied from batch to batch, which is most likely due to 
                                                 
13
 Bellina, F.; Carpita, A.; Santis, M. D.; Rossi, R. Tetrahedron Lett. 1994, 35, 6913. 
14
 Anastasia, L.; Xu, C.; Negishi, E.-i. Tetrahedron Lett. 2002, 43, 5673. 
15
 Halbes-Létinois, U.; Vasiliev, A.; Pale, P. Eur. J. Org. Chem. 2005, 2828. 
16
 Jiang, H.; Fu, H.; Qiao, R.; Jiang, Y.; Zhao, Y. Synthesis 2008, 2417. 
17
 Lee, A. S. Y.; Dai, W.-C. Tetrahedron 1997, 53, 859. 
18
 Ley, S. V.; Wadsworth, D. J. Tetrahedron Lett. 1989, 30, 1001. 
19
 (a) Farina, V.; Hauck, S. I. J. Org. Chem. 1991, 56, 4317. (b) Smith, A. B.; Ott, G. R. J. Am. Chem. Soc. 
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protiodestannylation reaction of 8 upon manipulation. Moreover, the saponification of ester 
21, obtained by Br-to-Sn exchange of 17b in 51% yield, led to an intractable mixture of 
products. 
In order to circumvent these problems, immediately after preparation the stannane 8 
was used in the stereoinvertive Stille reaction with bromoallene 7 under conditions 
optimized in model systems [Pd2(dba)3·CHCl3 in DMF at 25 ºC].
9
 With a slight excess of 
19, a 19/24/22/23 mixture of products in a 51:23:20:6 ratio was obtained at 64% 
conversion, and the yield of the desired product 22 was 21% for the two steps. Using 2.5 
equivalents of the distannane and working-up the reaction to eliminate the tin byproducts 
obtained after the first exchange, raised the yield to 31% at similar conversion (60%), 
although the protiodestannylation reaction was avoided (56:16:28 ratio of 19/24/22).  
For the application of the alternative Suzuki reaction to the coupling of these 
fragments, lactone pinacolboronate 25 was prepared. The Br-to-B exchange of 19
20
 using 
[PdCl2(dppf)·CHCl3], KOAc and pinacolboronate in DMSO at different temperatures and 
reaction times afforded the desired product 25 but the yields were not higher than 35%. 
Moreover, some erosion of stereoselectivity (3/1 (aR)-27/(aS)-27 retention:inversion 
products) was observed in the Pd(PPh3)4-catalyzed Suzuki coupling between model 
styrenylcatecholboronate 26 and bromoallene 7. Thus, the alternative Suzuki coupling was 
not pursued further. 
                                                 
20
 Jin, B.; Liu, Q.; Sulikowski, G. A. Tetrahedron 2005, 61, 401. 
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Scheme 2.3. Reagents and reaction conditions: (a) PdCl2(CH3CN)2, (R3Sn)2, NMP, 25 ºC. (b) 
[Pd2(dba)3·CHCl3], DMF, 25 ºC. (c) [PdCl2(dppf)·CHCl3], KOAc, (Bpin)2, DMSO, 3.5 h, 50 ºC, 
35%. (d) Pd(PPh3)4, TlOEt, THF, 4 h, 25 ºC, 58%. 
 
A model system was next prepared in order to check the feasibility of the key 
hydroxyallene to furanoxide rearrangement (Scheme 2.4). Previously described 
bromoallene 28
9
 and stannane 29a
9
 were coupled under conditions that favor inversion of 
the allene axis configuration, which involve stirring with [Pd2(dba)3·CHCl3] in DMF at 25 
ºC [96%, 10:90 (2aR/2aS)-30a]. Protection of the primary alcohol of the major 
diastereomer (2aS)-30a was followed by the treatment of silyl ether (2aS)-31a with a 
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 and Amberlyst 15
23
). Only silver nitrate led to the 
desired 5-endo-trig cyclization furanoxide product with R configuration 32a, as deduced 
from the analysis of the NOE enhancements in 
1
H-NMR spectroscopy, whereas the other 
two reagents delivered a complex mixture of compounds. A similar model (2aS)-31a with 
a methyl substituent at the vinyl carbon attached to the allene (prepared as above in 87% 
yield from the Stille coupling of 28 and 29b followed by alcohol protection in 94% yield) 
proved unreactive with a variety of silver (AgNO3, acetone, 25-50 ºC; AgNO3, MeOH, 40-
50 ºC; AgNO3, CaCO3, acetone, 40 ºC; AgBF4, CH2Cl2) and gold-based complexes 
[AuCl3, CH2Cl2, 25 ºC; AuCl(PPh3), CH2Cl2, 25 ºC], including their use as co-catalysts 
[AgBF4, AuCl(PPh3), CH2Cl2]. Similar results were obtained with the lactone 22 (Scheme 
2.3) corresponding to the synthetic target under all the above and several additional 
reaction conditions surveyed (S.I.). Either recovered reactant or silylated by-products were 
the outcomes, and this failure led us to abandon this approach and focus on alternative 
methods for furanoxide formation. 
 
 
Scheme 2.4. Model systems for the cyclization of hydroxyallenes to furanoxides. Reagents and 
reaction conditions: (a) Pd2(dba)3·CHCl3, DMF, 4 h, 25 ºC (R = H, 98%; R = Me, 86%). (b) 
TBDMSCl, imidazole, DMF, 3 h, 25 ºC (R = H, 96%; R = Me, 94%). (c) AgNO3, acetone, 6 days, 
25 ºC, 44%. 
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The already known rearrangement of the butene epoxide to the furanoxide units of 
carotenoids
5
 was attempted next using precursor 34. The Stille coupling of 19 and the 
previously described stannane 33
7d
 under Fürstner conditions
24
 led to 34 in 91% yield 
when the temperature was set to 0 ºC; destannylated product 35 was also obtained in small 
amounts. Inducing the rearrangement with SnCl4 led to recovery of reactants, whereas the 
use of TiCl4 and BF3·OEt2 produced degradation products. Amberlyst 15 was ineffective, 
whereas concentrated HCl gave a mixture of products. Only the use of TFA provided in 
68% yield the furanoxide 36 of R configuration when the reaction mixture was stirred from 
0 to 25 ºC. At the lower temperature, a mixture of diasteromers was instead obtained. 
Deprotection of the silyl ether with the HF
.
py complex in THF
25
 delivered the 
allylic alcohol 37 in 52% yield. More conveniently, the rearrangement and deprotection 
steps could be effected by treatment of 34 with 30% H2SO4 in CH3CN (41% yield), which 
provided (8R)-37 admixed with minor amounts of diastereomers (8S)-37 and (13Z,8R)-37 
in a 91:3:6 ratio. Oxidation of (8R)-37 with MnO2 and Na2CO3 in CH2Cl2 at 0 ºC provided 
aldehyde 4 in 88% yield. 
 
                                                 
24
 Fürstner, A.; Funel, J.-A.; Tremblay, M.; Bouchez, L. C.; Nevado, C.; Waser, M.; Ackerstaff, J.; Stimson, 
C. C. Chem. Commun. 2008, 2873. 
25
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Scheme 2.5. Reagents and reaction conditions: (a) CuTC (1.5 equiv), [NBu4][Ph2PO2] (1.25 equiv), 
Pd(PPh3)4 (0.1 equiv), DMF, 0 ºC, 3 h, 91%. (b) TFA (0.35 equiv), CH2Cl2, 15 h, 0 to 25 ºC, 68%. 
(c) HF-Py, THF, Py, 25 ºC, 20 h, 52%. (d) 30% H2SO4, CH3CN, -10 ºC, 15 h, 41%. (e) MnO2, 
Na2CO3, CH2Cl2, 0 ºC, 1 h, 88%. 
 
The synthesis of the C6 central fragment started with the 
stannylcupration/protonolysis of but-2-yn-1-ol 10,
26
 which was followed by oxidation of 
38 and HWE condensation of 39 with triethylphosphonoacetate.
27
 Ester 40, obtained in 
94% yield, was quantitatively reduced with DIBAL-H to stannyldienol 41, and this alcohol 
was employed in the Mitsunobu reaction with benzothiazolylthiol to produce sulfide 42. 
                                                 
26
 Lipshutz, B. H.; Clososki, G. C.; Chrisman, W.; Chung, D. W.; Ball, D. B.; Howell, J. Org. Lett. 2005, 7, 
4561. 
27
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Oxidation of 42 with H2O2 and peroxymolybdate reagent
28
 was troublesome, as the sulfone 
5 was admixed with variable amounts of allylsulfone 43, the product of destannylation 
(Scheme 2.6). By carrying out the oxidation at 0 ºC, the amounts of secondary product 43 
could be reduced to less than 10%, and the BT-sulfone 5 was obtained in 77% yield. 
 
Scheme 2.6. Reagents and reaction conditions: (a) (Bu3Sn)2, n-BuLi, CuCN, THF/MeOH, -10 ºC, 
15 h, 99%. (b) MnO2, CH2Cl2, 25 ºC, 3.5 h, 92%. (c) n-BuLi, triethylphosphonoacetate, THF, 25 
ºC, 2 h, 94%. (d) DIBAL-H, THF, -78 ºC, 1 h, 99%. (e) BTSH, DIAD, THF, 0 ºC, 30 min, 95%. (f) 
(NH4)6Mo7O24·4H2O, 35% H2O2, EtOH, 0 ºC, 15 h, 77% (10% of 43). 
 
As discovered during the synthesis of peridinin 1,
7b,d
 the Julia-Kocienski reaction 
was more conveniently performed in advance of the Stille cross-coupling, since the Z 
selectivity of the former when unsaturated partners (aldehydes and BT-sulfones)
29
 are used 
could be “corrected” by the reaction conditions of the Pd-catalyzed coupling.7d Julia-
Kocienski condensation of 4 and 5 afforded a 10:1 mixture of isomers at the newly formed 
double bond in 74% yield (Scheme 2.7). 
The final Stille coupling of stannane 5 and iodoallene 6 selecting the conditions 
previously optimized with model systems for stereoretention (Pd(PPh3)4, DMF, 40 ºC)
9
 
led, to our surprise, to a mixture of stereoisomers at the allene axis, where the major 
diastereomer of 6'S configuration corresponds to stereoinversion at the allene axis. The 
stereoisomers were separated HPLC (Waters Spherisorb® 5µm silica gel, 250 x 10 mm, 
                                                 
28
 Blakemore, P. R.; Kocienski, P. J.; Marzcak, S.; Wicha, J. Synthesis 1999, 1209. 
29
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62.4:25:2.5:0.1 hexane/CH2Cl2/i-PrOH/DIPEA, 1.5 mL/min) and could be easily 
characterized due to the characteristic resonances of the allene hydrogen at δ 6.05 ppm and 
δ 6.16 ppm for the 6’R and 6’S stereoisomers, respectively. 
To overcome this shortcoming, the TMS-protected iodoallene 45 was used instead. 
Our experimental and computational insights into this coupling
9
 suggested that the 
inversion product arises from the hydroxyl-directed SN2’ addition of Pd(0) to the allene 
unit and metallotropy of the organopalladium intermediate, and this pathway is prevented 
with protected iodoallenol 45.
9
 In the event, the coupling of 44 and 45 under the same 
conditions followed by removal of the silyl ether (TBAF, THF, 0 ºC) led to all-trans-
(8R,6’R)-peridinin-5,8-furanoxide, (8R,6’R)-3 in a combined 55% yield. 
 
Scheme 2.7. Reagents and reaction conditions: (a) NaHMDS, THF, 2 h, -78 ºC, 74% (10:1 ratio). 
(b) Pd(PPh3)4, DMF, 2 h, 40 ºC, 65% [28:72 (8R,6’R)-3/(8R,6’S)-3]. (c) i. Pd(PPh3)4, DMF, 18 h, 
40 ºC. ii. TBAF, THF, 1 h, 0 ºC, 55% (2 steps). 
 




In summary, we have achieved the first total synthesis of the xanthophyll all-trans-
(8R,6’R)-peridinin-5,8-furanoxide, (8R,6’R)-3, in a sequence that entails the late stage 
stereoretentive Stille cross-coupling of a iodoallene
9
 and a stannane which occurs with 
concomitant double bond isomerization. The required stannane was prepared by Julia-
Kocienski condensation of 4 and the central conjunctive reagent 5. Due to the failure of the 
original plan implying furanoxide formation from the cyclization of an allenol obtained 
after stereoinvertive Stille reaction of a haloallene, the preparation of the furanoxide ring 
was based on the acid-catalyzed rearrangement of the epoxybutadiene functionality with 
the alkylidene butyrolactone substructure in place. (8R,6’R)-3 and (8S,6’R)--3 are the only 
C37 norcarotenoid furanoxides among the two dozen congeners reported thus far.
6
 The 
regular C40 carotenoids have been obtained by partial synthesis (with the exceptions of the 
aurochrome diastereomers)
30
 from the corresponding putative biogenetic precursor 
carotenoids with epoxybutadiene substructures. 
 
 
2.4. Experimental Section 
 
General. Solvents were dried according to published methods and distilled before 
use. All other reagents were commercial compounds of the highest purity available. All 
reactions were carried out under an argon atmosphere and those not involving aqueous 
reagents were carried out in oven-dried glassware. All solvents and anhydrous solutions 
were transferred through syringes and cannulae previously dried in the oven for at least 12 
h and kept in a dessicator with KOH. THF, CH2Cl2, CH3CN, MeOH, Et2O and DMF were 
dried using a Puresolv
TM
 solvent purification system. Et3N, acetone, iPr2NH, DIPEA and 
pyridine were dried by distillation with CaH2. Distillations were carried out in a Büchi 
GKR-50 Kügelrohr and in that case the boiling points indicate the external temperature. 
For fractional distillations a microstill was used with an internal thermometer in the 
                                                 
30
 Acemoglu, M.; Eugster, C. H. Helv. Chim. Acta 1984, 67, 471. 
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distillation head. The n-BuLi concentration was determined by titration in triplicate with 
diphenylacetic acid in THF. For reactions at low temperature, ice-water or CO2/acetone 
systems were used. For different temperatures, a HaaKe EK90 Immersion Cooler (-90 ºC 
to -15 ºC) was used. Analytical TLC was performed on aluminium plates with Merck 
Kieselgel 60F254 and visualized by UV irradiation (254 nm) or by staining with a solution 
of phosphomolibdic acid or anisaldehyde. Flash column chromatography was carried out 
using Merck Kieselgel 60 (230-400 mesh) or Merck Preparative C18 (125Å, 55-105 µm) 
under pressure. Alternatively, a Biotage Horizon
TM
 and an AnaLogix Intelliflash 310 
HPFC Flash collector system were used. Melting points were measured in a Stuart 
Scientific apparatus. UV/VIS spectra were recorded with a Cary 100 Bio 
spectrophotometer in MeOH. IR spectra were obtained with a JASCO FTIR 4200 
spectrophotometer, from a thin film deposited onto NaCl glass or with an ATR-module 
(Attenuated Total Reflectance). Specific rotations were measured on a JASCO P-1020 
polarimeter with a Na lamp. HPLC (High Performance Liquid Chromatography) was 
performed using a Waters instrument using a dual wave detector. EI-MS were recorded 
with a GC-TOF instrument (Waters Micromass). HRMS (ESI
+
) were measured with an 
Apex III FT ICR mass spectrometer (Bruker Daltonics). 
1
H-NMR spectra were recorded in 
CDCl3, C6D6, and (CD3)2CO at ambient temperature with a Bruker AMX-400 spectrometer 
operating at 400.16 MHz with residual protic solvent as the internal reference [CDCl3, δ = 
7.26 ppm; C6D6, δ = 7.16 ppm; (CD3)2CO, δ = 2.05 ppm]; chemical shifts (δ) are given in 
parts per million (ppm) and coupling constants (J) are given in Hertz (Hz). The proton 
spectra are reported as follows: δ (multiplicity, coupling constant J, number of protons). 
13
C-NMR spectra were recorded in CDCl3, C6D6, and (CD3)2CO at ambient temperature 
with the same spectrometer operating at 101.62 MHz with the central peak of CDCl3 (δC = 
77.2 ppm), C6D6 (δC = 128.0 ppm), and (CD3)2CO (δC = 29.84 ppm) as the internal 
reference. A DEPT-135 pulse sequence was used to aid in the assignment of signals in the 
13
C-NMR spectra. Crystallographic data were collected on a Bruker Smart 1000 CCD 
diffractometer at 20 ºC using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å), 
and were corrected for Lorentz and polarisation effects. 
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(E)-Ethyl 2,3-Dibromopropenoate 12b. Ethyl propiolate 13b (1.22 mL, 12.02 
mmol) was treated with pyridinium bromide perbromide (5.0 g, 15.63 mmol) in CH2Cl2 
(50 mL) in a Morton flask protected from light. After stirring for 15 h at 25º C water was 
added and the mixture was extracted with CH2Cl2 (3x). The organic layers were washed 
with H2O (3x) and a saturated aqueous solution of Na2S2O4 (3x) and dried (Na2SO4). The 
solvent was evaporated to afford 2.4 g (76%) of a yellow oil identified as (E)-ethyl 2,3-





MHz, acetone-d6): δ 7.47 (s, 1 ,  3), 4.32 (q, J = 7.1 Hz, 2H, OCH2CH3), 1.33 (t, J = 7.1 
Hz, 3H, OCH2CH3) ppm. 
13
C-NMR (100.16 MHz, acetone-d6): δ 162.4 (s), 112.5 (s), 


















), 257.8714; found 257.8725. IR (NaCl):  3074 (w, C-




(E)-5-tert-Butyldiphenylsilyloxy-3-methylpent-3-en-1-yne 11b. General 
procedure for alcohol protections. To a solution of (E)-3-methylpent-2-en-yn-1-ol (3.0 g, 
31.22 mmol) in DMF (73 mL) was added imidazole (4.7 g, 78.05 mmol). The reaction was 
cooled down to 0º C and TBDPSCl (12.2 mL, 46.83 mmol) in DMF (73 mL) were added. 
After stirring for 3 h at 25 ºC, water was added and the mixture was extracted with ethyl 
acetate (3x). The combined organic layers were washed with water and dried (Na2SO4) and 
                                                 
31
 After the purification step (silica gel, 97:3 hexane/Et3N) we recovered exclusively (E)-2-bromo-3-ethoxy-




H-NMR (400.13 MHz, acetone-d6): δ 7.79 (s, 1H, H1), 4.46 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 3.98 (q, J = 
7.2 Hz, 6H, CH2CH3), 1.43 (t, J = 7.2 Hz, 9H, CH2CH3), 1.36 (t, J = 7.1 Hz, 2H, CO2CH2CH3) ppm. 
13
C-
NMR (100.16 MHz, acetone-d6): δ 163.6 (s), 133.8 (d), 114.5 (s), 65.2 (t), 56.4 (t), 13.9 (q), 8.6 (q) ppm. MS 
(ESI
+








(Br), 88), 201 (23). HRMS (ESI
+









), 278.0750; found, 278.0752. IR (NaCl):  
2959 (w, C-H), 1717 (s, C=O), 1244 (s), 1018 (s) cm
-1
. 
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the solvent was evaporated. The residue was purified by column chromatography (silica 
gel, 97:3 hexane/Et3N) to afford 9.36 g (90%) of a yellow oil identified as (E)-5-tert-
butyldiphenylsilyloxy-3-methylpent-3-en-1-yne 11b. 
1
H-NMR (400.13 MHz, acetone-d6): 
δ 7.73-7.70 (m, 4H, ArH), 7.50-7.42 (m, 6H, ArH), 6.05 (td, J = 6.3, 1.4 Hz, 1H, H4), 4.34 
(d, J = 6.3 Hz, 2H, 2H5), 3.34 (s, 1H, H1), 1.63 (d, J = 1.4 Hz, 3H, C3-CH3), 1.04 (s, 9H, 3 
x CH3) ppm. 
13
C-NMR (100.16 MHz, acetone-d6): δ 138.1 (d), 136.2 (d, 4x), 134.1 (s, 2x), 
130.7 (d, 2x), 128.6 (d, 4x), 119.2 (s), 86.5 (s), 76.8 (d), 61.2 (t), 27.1 (q, 3x), 19.6 (s), 17.6 
(q) ppm. MS (ESI
+
): m/z 353 ([M+Na]
+
, 100), 335 ([M+H]
+
, 94), 239 (9), 197 (10). 
HRMS (ESI
+
): Calcd. for C22H27OSi ([M+H]
+
), 335.1826; found, 335.1824. IR (NaCl):  
3296 (m, CC-H), 3070 (w, C-H), 3050 (w, C-H), 2996 (w, C-H), 2957 (w, C-H), 2933 





ynoate 17b. To a deoxygenated suspension of bis(triphenylphosphine) palladium(II) 
chloride (0.02 g, 0.023 mmol) and cuprous iodide (0.01 g, 0.023 mmol) in THF were 
added a solution of (E)-ethyl 2,3-dibromopropenoate 12b (0.30 g, 1.17 mmol) in degassed 
THF (7 mL) and triethylamine (4.2 mL). Then, a solution of (E)-5-tert-
butyldiphenylsilyloxy-3-methylpent-3-en-1-yne 11b (0.42 g, 1.53 mmol) in degassed THF 
(14 mL) was added and the mixture was stirred for 4h at 25º C. A saturated aqueous 
solution of NH4Cl was then added and the mixture was extracted with ethyl acetate (3x). 
The combined organic layers were dried (Na2SO4) and the solvent was evaporated. The 
residue was purified by column chromatography (silica gel, 97:3 hexane/Et3N) affording 
yellow oils identified as ethyl (2E,6E)-2-bromo-8-(tert-butyldiphenylsilyloxy)-6-
methylocta-2,6-dien-4-ynoate 17b (0.45 g, 74%), bis-[(3E)-5-tert-butyldiphenylsilyloxy-3-
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methylpent-3-en-1-yne] 14b (0.05 g, 10%) and ethyl (2Z,6E,3’E)-2-(5’-tert-
butyldiphenylsilyloxy-3’-methylpent-3’-en-1’-yn-1’-yl)-8-tert-butyldiphenylsilyloxy-6-
methylocta-2,6-dien-4-ynoate 16b (0.03 g, 3%). 
Data for ethyl (2E,6E)-2-bromo-8-(tert-butyldiphenylsilyloxy)-6-methylocta-2,6-
dien-4-ynoate 17b: 
1
H-NMR (400.13 MHz, acetone-d6): δ 7.73-7.70 (m, 4H, ArH), 7.50-
7.43 (m, 6H, ArH), 6.94 (s, 1H, H3), 6.15 (t, J = 5.9 Hz, 1H, H7), 4.39 (d, J = 6.0 Hz, 2H, 
2H8), 4.30 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 1.70 (s, 3H, C6-CH3), 1.34 (t, J = 7.1 Hz, 3H, 
CO2CH2CH3), 1.04 (s, 9H, 3 x CH3) ppm. 
13
C-NMR (100.16 MHz, acetone-d6): δ 162.2 
(s), 140.1 (d), 136.3 (d, 4x), 134.1 (s, 2x), 130.8 (d, 2x), 128.8 (d, 4x), 123.9 (d), 123.4 (s), 
119.7 (s), 103.5 (s), 84.7 (s), 63.1 (t), 61.6 (t), 27.2 (q, 3x), 19.7 (s), 17.3 (q), 14.6 (q) ppm. 
MS (ESI
+








, 93), 511 ([M+H]
+
, 94), 
301 (9), 257 (12), 227 (80). HRMS (ESI
+









), 533.1118; found, 
533.1110. IR (NaCl):  3069 (w, C-H), 3049 (w, C-H), 2857 (w, C-H), 2933 (w, C-H), 
2858 (m, C-H), 2184 (m, CC), 1721 (s, C=O), 1213 (s), 1110 (s, Si-O), 1049 (s) cm-1. 
 
Data for bis-[(3E)-5-tert-butyldiphenylsilyloxy-3-methylpent-3-en-1-yne] 14b: 
1
H-
NMR (400.13 MHz, acetone-d6): δ 7.74-7.70 (m, 8H, ArH), 7.50-7.42 (m, 12H, ArH), 
6.17 (tq, J = 6.2, 1.5 Hz, 2H, 2 x H4), 4.38 (d, J = 6.3, 4H, 2 x H5), 1.65 (d, J = 1.3 Hz, 
6H, 2 x CH3), 1.05 (s, 18H, 6 x CH3) ppm. 
13
C-NMR (100.16 MHz, acetone-d6): δ 140.8 
(d, 2x), 136.3 (d, 8x), 134.2 (s, 2x), 130.7 (d, 4x), 128.7 (d, 8x), 118.8 (s, 2x), 84.2 (s, 2x), 
72.3 (s, 2x), 61.5 (t, 2x), 27.1 (q, 6x), 19.7 (s, 2x), 17.2 (q, 2x) ppm. MS (ESI
+
): m/z 667 
([M+H]
+
, 6), 509 (29), 411 (43), 347 (23), 197 (100). HRMS (ESI
+
): Calcd. for 
C44H52O2Si2 ([M+H]
+
), 667.3422; found 667.3462. IR (NaCl)  3069 (m, C-H), 3049 (w, 
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Data for ethyl (2Z,6E,3’E)-2-(5’-tert-butyldiphenylsilyloxy-3’-methylpent-3’-en-
1’-yn-1’-yl)-8-tert-butyldiphenylsilyloxy-6-methylocta-2,6-dien-4-ynoate 16b: 1H-NMR 
(400.13 MHz, acetone-d6): δ 7.74-7.70 (m, 8H, ArH), 7.49-7.43 (m, 12H, ArH), 6.59 (s, 
1H, H3), 6.16 (dt, J = 6.2, 1.3 Hz, 1H, H7 or H4’), 6.10 (dt, J = 6.2, 1.3 Hz, 1H, H4’ or H7), 
4.40 (t, J = 6.9 Hz, 4H, 2 x H8 + 2 x H5’), 4.26 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 1.71 (d, J 
= 1.2 Hz, 3H, CH3), 1.69 (d, J = 1.2 Hz, 3H, CH3), 1.33 (t, J = 7.1 Hz, 3H, CO2CH2CH3), 
1.05 (s, 18H, 6 x CH3) ppm. 
13
C-NMR (100.16 MHz, acetone-d6): δ 163.6 (s), 140.2 (d), 
138.8 (d), 136.3 (d, 8x), 134.22 (s, 2x), 134.19 (s, 2x), 130.8 (d, 2x), 130.7 (d, 2x), 128.7 
(d, 8x), 125.4 (s), 125.2 (d), 120.1 (s), 119.6 (s), 108.0 (s), 98.3 (s), 85.9 (s), 85.4 (s), 61.9 





, 8), 607 (15), 509 (100). HRMS (ESI
+
): Calcd. for C49H57O4Si2 
([M+H
+
]), 765.3790; found 765.3788. IR (NaCl)  3069, (w, C-H), 3049 (w, C-H), 2956 
(w, C-H), 2932 (w, C-H), 2893 (w, C-H), 2857 (m, C-H), 2197 (w, CC), 1723 (s, C=O), 





5H-furan-2-one 19. To a solution of ethyl (2E,6E)-2-bromo-8-tert-butyldiphenylsilyloxy-
6-methylocta-2,6-dien-4-ynoate (0.86 g, 1.69 mmol) in THF (16 mL) was added LiOH (5.1 
mL, 1M in H2O, 5.1 mmol). After stirring for 6 h at 25 ºC the mixture was extracted with 
hexane and the aqueous layer was neutralized with a 10% aqueous solution of citric acid at 
0 ºC and then extracted with EtOAc (3x). The combined organic layers were washed with 
H2O (2x) and brine (3x) and then dried (Na2SO4). The solvent was evaporated to afford 
(2E,6E)-2-bromo-8-tert-butyldiphenylsilyloxy-6-methylocta-2,6-dien-4-ynoic acid 18 
which was used without further purification. 
1
H-NMR (400.13 MHz, acetone-d6):  7.73-
7.70 (m, 4H, ArH), 7.48-7.42 (m, 6H, ArH), 6.92 (s, 1H, H3), 6.14 (td, J = 6.2, 1.4 Hz, 1H, 
H7), 4.37 (d, J = 6.2 Hz, 2H, 2H8), 1.68 (d, J = 1.3 Hz, 3H, C6-CH3), 1.04 (s, 9H, 3 x CH3) 
ppm. 
To a solution of this residue (0.798 g, 1.65 mmol) in DMF (25.3 mL) was added 
Ag2CO3 (0.05 g, 0.33 mmol) and the reaction mixture was stirred for 6 h at 25 °C. The 
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mixture was filtered through a pad of Celite® washing with EtOAc and the organic layer 
was washed with water (3x), dried (Na2SO4) and the solvent was evaporated. The residue 
was purified by column chromatography (silica gel, 95:5 hexane/EtOAc) to afford 0.61 g 
(75%) of a white solid identified as (5Z,2’E)-3-bromo-5-(4’-tert-butyldiphenylsilyloxy-2’-
methylbut-2’-enylidene)-5H-furan-2-one 19. m.p.: 103-104 ºC (hexane/Et2O). 
1
H-NMR 
(400.13 MHz, acetone-d6):  7.96 (s, 1H, H4), 7.74-7.71 (m, 4H, ArH), 7.50-7.42 (m, 6H, 
ArH), 6.19 (tq, J = 6.1, 1.1 Hz, 1H, H3’), 6.03 (s, 1H, H1’), 4.46 (d, J = 6.1 Hz, 2H, 2H4’), 
1.89 (d, J = 1.1 Hz, 3H, C2’-CH3), 1.05 (s, 9H, 3 x CH3) ppm. 
13
C-NMR (100.16 MHz, 
acetone-d6):  166.0 (s), 147.0 (s), 144.9 (d), 140.6 (d), 136.3 (d, 4x), 134.2 (s, 2x), 132.9 
(s), 130.7 (d, 2x), 128.7 (d, 4x), 119.5 (d), 110.3 (s), 62.0 (t), 27.1 (q, 3x), 19.7 (s), 15.5 (q) 
ppm. MS (ESI
+








, 100), 227 (25). 
HRMS (ESI
+









), 505.0805; found, 505.0801. IR (NaCl):  3069 
(m, C-H), 2929 (m, C-H), 2856 (m, C-H), 1776 (s, C=O), 1108 (s, Si-O) cm
-1
. UV 
(MeOH): λmax 335 nm. 
 
(5Z,2’E)-3-Bromo-5-(4’-tert-butyldiphenylsilyloxy-2’-methylbut-2’-enylidene)-
5H-furan-2-one 19. To a solution of (2E,6E)-2-bromo-8-(tert-butyldiphenylsilyloxy)-6-
methylocta-2,6-dien-4-ynoic acid (0.05 g, 0.11 mmol) in THF (1.0 mL)
32
 was added AuCl3 
(0.003 g, 8.2·10
-3
 mmol) and the reaction was stirred for 2 h at 25 °C. The mixture was 
filtered through a pad of Celite® (EtOAc) and the solvent was evaporated. The residue was 
purified by column chromatography (silica gel, from 97.5:2.5 to 95:5 hexane/EtOAc) to 
afford 4 mg (8%) of a white solid identified as (5Z,2’E)-3-bromo-5-(4’-tert-
butyldiphenylsilyloxy-2’-methylbut-2’-enylidene)-5H-furan-2-one 19 and 19 mg (37%) of 
a white solid identified as (2’E)-3-bromo-6-(3’-tert-butyldiphenylsilyloxybut-1’-en-1’-yl)-
2H-pyran-2-one 20. 
                                                 
32
 Using CH2Cl2 instead of THF the sole product was the 2H-pyran-2-one 20 (28%). 





H-NMR (400.13 MHz, acetone-d6): δ 7.92 (d, J = 7.4 Hz, 1H, H4), 7.78-7.69 
(m, 4H, ArH), 7.52-7.40 (m, 6H, ArH), 6.67 (tq, J = 6.1, 1.4 Hz, 1H, H2’), 6.36 (d, J = 7.4 
Hz, 1H, H5), 4.52 (dq, J = 6.1, 1.1 Hz, 2H, 2H3’), 1.76 (q, J = 1.1 Hz, 3H, CH3), 1.06 (s, 
9H, 3 x CH3) ppm. 
13
C-NMR (101.16 MHz, acetone-d6): δ 161.4 (s), 158.0 (s), 146.4 (d), 
136.3 (d, 4x), 134.1 (s, 2x), 134.1 (d), 130.8 (d, 2x), 128.8 (d, 4x), 127.4 (s), 110.2 (s), 
103.2 (d), 62.1 (t), 27.1 (q, 3x), 19.7 (s), 12.7 (q) ppm. MS (ESI
+


















, 90), 197 (29). HRMS (ESI
+









), 483.0986; found 
483.0986. IR (NaCl):  3067 (w, C-H), 3062 (w, C-H), 2934 (m, C-H), 2857 (w, C-H), 
1734 (s, C=O), 1109 (s, Si-O) cm
-1
. UV (MeO ): λmax 344, 219 nm. 
 
C20-Allenyl-butenolide 22. Method A: To a solution of lactone 19 (0.54 g, 1.11 
mmol) in NMP (10.1 mL) were added PdCl2(CH3CN)2 (0.03 g, 0.11 mmol) and (SnMe3)2 
(0.25 mL) and the mixture was degassed (3x) and stirred for 3 h at 25 ºC. A degassed 
solution of bromo-allene 7 (0.18 g, 0.71 mmol) in NMP (1.5 mL) was added via cannula 
and the reaction mixture was stirred overnight at 25 ºC. A saturated aqueous solution of 
NH4Cl was added and the reaction mixture was extracted with EtOAc (3x). The combined 
organic layers were dried (Na2SO4) and the solvent was removed. The residue was purified 
by column chromatography (silica gel, from 90:10 to 70:30 hexane/acetone) to afford 0.09 
g (22%) of an orange foam identified as C20-allenyl-butenolide 22, 0.02 g (4%) of a pale 
yellow oil identified as (5Z,2’E)-5-[4’-(tert-butyldiphenylsilyloxy)-2’-methylbut-2’-
First Stereoselective Total Synthesis of all-trans-(8R,6’R)-Peridinin-5,8-Furanoxide 
74 
enylidene]-5H-furan-2-one 23 and a mixture of bromo-lactone 19 and its dimer 24. The 
later was further purified by column chromatography (C18 silica, CH3CN) to afford 0.19 g 
(35%) of a pale yellow solid identified as bromolactone 19 and 0.14 g (32%) of a yellow 
solid identified as lactonedimer 24. 
Method B: To a solution of lactone 19 (0.5 g, 1.04 mmol) in degassed NMP (4.8 
mL) were added PdCl2(CH3CN)2 (0.03 g, 0.10 mmol) and a solution of (SnMe3)2 in NMP 
(4.6 mL). After being stirred for 7 h at 25 ºC, EtOAc was added and the mixture was 
washed with a 10% aqueous solution of KF and with water, and the solvent was 
evaporated. The residue was redissolved in degassed NMP (7.9 mL) and PdCl2(CH3CN)2 
(0.03 g, 0.10 mmol) and bromoallene 7 (0.17 g, 0.66 mmol) were added. After stirring for 
3.5 h at 25 ºC a saturated aqueous solution of NH4Cl was added and the mixture was 
extracted with EtOAc (3x). The combined organic layers were washed with water (3x) and 
dried (Na2SO4) and the solvent was evaporated. The residue was purified by column 
chromatography (silica gel, from 90:10 to 70:30 hexane/acetone) to afford 0.12 g (31%) of 
an orange foam identified as the desired product 22 and a mixture of bromolactone 19 and 
its dimer 24. The later was further purified by column chromatography (C18 silica, CH3CN) 
to afford 0.2 g (40%) of a yellow pale solid identified as bromolactone 19 and 0.1 g (23%) 
of a yellow solid identified as lactonedimer 24. 
Data for C20-allenyl-butenolide 22.
 [α]D
26
 -11 (c 0.22, MeOH). 
1
H-NMR (400.13 
MHz, C6D6): δ 7.82-7.77 (m, 4H, ArH), 7.27-7.22 (m, 6H, ArH), 6.09 (s, 1H, H10), 5.98- 
5.94 (m, 1H, H14), 5.79 (s, 1H, H8), 5.10 (s, 1H, H12), 4.37-4.28 (m, 3H, 2H15 + H3), 2.34 
(ddd, J = 12.9, 4.2, 2.0 Hz, 1H, H4A), 1.80-1.72 (m, 4H, C13-CH3 + H2A), 1.50 (s, 3H, C1-
CH3), 1.42 (s, 3H, C5-CH3), 1.37-1.32 (m, 1H, H4B), 1.31-1.25 (m, 1H, H2B), 1.19 (s, 9H, 3 
x CH3), 1.12 (s, 3H, C1-CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 206.2 (s), 168.6 (s), 
146.8 (s), 138.2 (d), 136.0 (d, 4x), 135.7 (d), 133.9 (s, 2x), 133.0 (s), 130.2 (d, 2x), 128.2 
(d, 4x), 125.1 (s), 118.3 (s), 117.4 (d), 87.4 (d), 72.7 (s), 63.9 (d), 61.6 (t), 49.1 (t), 48.7 (t), 





, 16), 567 (100), 291 (28). HRMS (ESI
+
): Calcd. for C36H44NaO5Si 
([M+Na]
+
), 607.2850; found 607.2844. IR (NaCl):  3400-3000 (m, O-H), 2961 (m, C-H), 
2929 (m, C-H), 2862 (m, C-H), 1938 (m, C=C=C), 1751 (s, C=O), 1112 (s, Si-O) cm
-1
. UV 
(MeOH): λmax 352 nm. 
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Data for lactone dimer 24. 
1
H-NMR (400.13 MHz, C6D6): δ 7.82-7.76 (m, 8H, 
ArH), 7.74 (s, 2H, H4 + H4’), 7.25 (dd, J = 5.0, 1.9 Hz, 12H, ArH), 5.97 (t, J = 6.0 Hz, 2H, 
H8 + H8’), 5.14 (s, 2H, H6 + H6’), 4.33 (d, J = 6.1 Hz, 2H, H9 + H9’), 1.74 (s, 6H, 2 x CH3), 
1.20 (s, 18H, 6 x CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 168.1 (s, 2x), 147.1 (s, 2x), 
140.2 (d, 2x), 139.0 (d, 2x), 136.0 (d, 8x), 133.9 (s, 4x), 133.0 (s, 2x), 130.2 (d, 4x), 128.2 
(d, 8x), 120.7 (d, 2x), 118.9 (s, 2x), 61.6 (t, 2x), 27.0 (q, 6x), 19.5 (s, 2x), 15.2 (q, 2x) ppm. 
MS (ESI
+
): m/z 829 ([M+Na]
+
, 2), 241 (100), 227 (98). HRMS (ESI
+
): Calcd. for 
C50H54NaO6Si2 ([M+Na]
+
), 829.3351; found 829.3353. IR (NaCl):  2954 (m, C-H), 2934 
(m, C-H), 2852 (m, C-H), 1764 (s, C=O), 1112 (s, Si-O) cm
-1






H-NMR (400.13 MHz, C6D6): δ 7.81-7.75 (m, 4H, Ar), 7.26-7.22 (m, 6H, 
Ar), 6.25 (d, J = 5.3 Hz, 1H, H3), 5.91 (tq, J = 6.1, 1.2 Hz, 1H, H3’), 5.45 (d, J = 5.3 Hz, 
1H, H2), 4.97 (s, 1H, H1’), 4.31 (d, J = 6.1 Hz, 2H, 2H4’), 1.73 (q, J = 1.1 Hz, 3H, C2’-CH3), 
1.18 (s, 9H, 3 x CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 169.4 (s), 147.7 (s), 144.6 
(d), 138.4 (d), 136.0 (d, 4x), 133.9 (s, 2x), 132.7 (s), 130.2 (d, 2x), 128.2 (d, 4x), 117.4 (d), 
117.5 (d), 61.5 (t), 27.0 (q, 3x), 19.4 (s), 15.3 (q) ppm. MS (ESI
+
): m/z 427 ([M+Na]
+
, 
100), 149 (2). HRMS (ESI
+
): Calcd. for C25H28NaO3Si ([M+Na]
+
), 427.1700; found 
427.1692. IR (NaCl):  3072 (w, C-H), 3047 (w, C-H), 2959 (w, C-H), 2929 (w, C-H), 
2893 (w, C-H), 2856 (w, C-H), 1783 (s, C=C), 1758 (s, C=O), 1103 (s, Si-O) cm
-1
. UV 
(MeOH): λmax 322, 220 nm. 




ol (2aS)-30a. Pd2(dba)3·CHCl3 (0.09 g, 0.082 mmol) was added to a solution of (1R,2aR)-
2-(2-bromovinylidene)-1,3,3-trimethylcyclohexan-1-ol 28 (0.20 g, 0.81 mmol) and (2E)-3-
tributylstannyl-prop-2-en-1-ol 29a (0.43 g, 1.22 mmol) in DMF (8 mL) and the reaction 
was degassed (freeze-thaw cycles (3x)). After stirring at 25 ºC for 4 h, a saturated aqueous 
solution of KF was added, the layers were separated and the aqueous layer was extracted 
with EtOAc (3x). The combined organic layers were washed with brine (3x) and dried 
(Na2SO4) and the solvent was evaporated. The residue was purified by column 
chromatography (silicagel, 60:40 hexane/EtOAc) to afford 0.16 g of a product identified as 
(1R,2aS,3’E)-2-(5-hydroxypenta-1,3-dienylidene)-1,3,3-trimethylcyclohexan-1-ol (2aS)-30 
(88%) and 0.02 g of a product identified as (1R,2aR,3’E)-2-(5-hydroxypenta-1,3-
dienylidene)-1,3,3-trimethylcyclohexan-1-ol (2aR)-30a (10%). 
Data for vinylallene (2aS)-30a: m.p.: 110-111 ºC (hexane/ether). 
1
H-NMR (400.13 
MHz, CDCl3): δ 6.09 (dd, J = 15.3, 10.5 Hz, 1H, H3’), 5.97 (d, J = 10.5 Hz, 1H, H2’), 5.79 
(dt, J = 15.3, 5.9 Hz, 1H, H4’), 4.18 (t, J = 5.8 Hz, 2H5’), 1.94-1.83 (m, 1H), 1.81-1.75 (m, 
1H), 1.68-1.60 (m, 1H), 1.56-1.51 (m, 3H), 1.32 (s, 3H, CH3), 1.25 (s, 3H, CH3), 1.03 (s, 
3H, CH3) ppm. 
13
C-NMR (100.16 MHz, CDCl3): δ 202.9 (s), 129.7 (d), 128.1 (d), 118.4 
(s), 96.7 (d), 71.0 (s), 63.2 (t), 40.3 (t), 40.2 (t), 34.4 (s), 31.4 (q), 31.1 (q), 29.8 (q), 18.5 (t) 
ppm. MS (ESI
+
): m/z 245 ([M+Na]
+
, 100), 207 (17), 197 (40). HRMS (ESI
-
): Calcd. for 
C14H22NaO2 ([M+Na]
+
), 245.1512; found 245.1521. IR (NaCl)  3600-3100 (br, O-H), 
2958(s, C-H), 2926 (s, C-H), 2926 (s, C-H), 1936 (w, C=C=C) cm
-1
. 
Data for vinylallene (2aR)-30a: 
1
H-NMR (400.13 MHz, CDCl3) δ 6.04 (dd, J = 
15.3, 10.5 Hz, 1H, H3’), 5.91 (d, J = 10.5 Hz, 1H, H2’), 5.79 (dt, J = 15.3, 5.9 Hz, 1H, H4’), 
4.17 (dd, J = 5.9, 1.4 Hz, 2H, 2H5’), 1.92-1.75 (m, 2H), 1.56-1.46 (m, 2H), 1.4-1.3 (m, 2H), 
1.33 (s, 3H, CH3), 1.24 (s, 3H, CH3), 1.03 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, 
CDCl3) δ 203.3 (s), 129.6 (d), 128.2 (d), 118.5 (s), 96.6 (d), 71.0 (s), 63.6 (t), 40.5 (t), 40.4 
(t), 34.6 (s), 31.7 (q), 31.3 (q), 29.3 (q), 18.5 (t) ppm. MS (ESI
+
): m/z 245 ([M+Na]
+
, 20), 
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205 (100), 197 (47), 187 (78). HRMS (ESI
-
): Calcd. for C14H22NaO2 ([M+Na]
+
), 
245.1512; found 245.1520. IR (NaCl)  3600-3100 (br, O-H), 2980 (m, C-H), 2925 (s, C-





trimethylcyclohexan-1-ol (2aS)-31a. Following the general procedure previously 
described for alcohol protection, the reaction between alcohol (2aS)-30a (0.12 g, 0.54 
mmol), imidazole (0.09 g, 1.36 mmol) and TBDMSCl (0.09 g, 0.60 mmol) in DMF 
afforded, after purification by column chromatography (silica gel, 90:10 hexane/EtOAc), 
0.18 g (96%) of (1R,2aS,3’E)-2-(5-tert-butyldimethylsilyloxy-1,3-dienylidene)-1,3,3-
trimethylcyclohexan-1-ol (2aS)-31a. 
1
H-NMR (400.13 MHz, CDCl3): δ 6.02 (ddt, J = 
14.6, 10.4, 1.3 Hz, 1H, H3’), 5.96 (d, J = 10.4 Hz, 1H, H2’), 5.71 (dt, J = 14.6, 5.4 Hz, 1H, 
H4’), 4.21 (d, J = 5.4 Hz, 2H, 2H5’), 1.94-1.84 (m, 1H), 1.81-1.75 (m, 1H), 1.54-1.46 (m, 
3H), 1.39 (t, J = 11.6 Hz, 1H), 1.32 (s, 3H, CH3), 1.25 (s, 3H, CH3), 1.03 (s, 3H, CH3), 
0.91 (s, 9H, 3 x CH3), 0.08 (s, 6H, 2 x CH3) ppm. 
13
C-NMR (100.16 MHz, CDCl3): δ 
202.6 (s), 130.3 (d), 126.9 (d), 118.4 (s), 97.0 (d), 71.0 (s), 63.9 (t), 40.3 (t), 40.2 (t), 34.4 





, 100), 317 (8). HRMS (ESI
-
): Calcd. for C20H36NaO2Si ([M+Na]
+
), 
359.2377; found 359.2378. IR (NaCl, film)  3500-3300 (br, O-H), 2955 (s, C-H), 2930 (s, 





2,4,5,6,7,7a-hexahydrobenzofuran 32a. To a solution of allene (2aS)-31a (0.021 g, 0.062 
mmol) in acetone (1.4 mL) was added AgNO3 (0.016 g 0.063 mmol), and the mixture was 
stirred at 25 ºC for 6 days. The mixture was filtered through a pad of Celite® (Et2O) and 
the solvent was evaporated. The residue was purified by column chromatography (silica 
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H-NMR (400.13 MHz, CDCl3): δ 5.77 (dt, J =15.2, 4.6 Hz, 
1H, H2’), 5.59 (dd, J = 15.3, 7.3 Hz, 1H, H1’), 5.21 (s, 1H, H3), 5.12 (d, J = 7.4 Hz, 1H, 
H2), 4.18-4.16 (m, 2H, 2H3’), 1.95 (d, J = 11.9 Hz, 1H), 1.66-1.55 (m, 2H), 1.54-1.40 (m, 
2H), 1.40 (s, 3H, CH3), 1.25-1.20 (m, 1H), 1.15 (s, 3H, CH3), 1.09 (s, 3H, CH3), 0.90 (s, 
9H, 3 x CH3), 0.06 (s, 6H, 2 x CH3) ppm. 
13
C-NMR (100.16 MHz, CDCl3): δ 153.9 (s), 
131.7 (d), 131.1 (d), 119.2 (d), 87.8 (s), 82.5 (d), 63.5 (t), 42.2 (t), 41.5 (t), 34.7 (s), 30.8 
(q), 26.21 (q, 3x), 26.1 (q), 26.0 (q), 20.6 (t), 18.6 (s), -5.00 (q, 2x) ppm. IR (NaCl, film)  





ol (2aS)-30b. Following the general procedure previously described for Stille reactions, the 
reaction between Pd2(dba)3·CHCl3 (0.22 g, 0.22 mmol), haloallene 28 (0.53 g, 2.17 mmol) 
and stannane 29b (1.17 g, 3.25 mmol) in DMF afforded, after purification by column 




H-NMR (400.13 MHz, CDCl3): δ 6.02 (s, 1H, H2’), 5.60 (t, J = 7.0 Hz, 1H, H4’), 
4.26 (d, J = 7.0 Hz, 2H, 2H5’), 1.97-1.84 (m, 1H), 1.83-1.76 (m, 1H), 1.74 (s, 3H, CH3), 
1.57-1.47 (m, 2H), 1.44-1.34 (m, 2H), 1.32 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.03 (s, 3H, 
CH3) ppm. 
13
C-NMR (100.16 MHz, CDCl3): δ 201.0 (s), 134.1 (s), 126.4 (d), 120.3 (s), 
102.4 (d), 71.1 (s), 59.7 (t), 40.4 (t), 40.3 (t), 34.5 (s), 31.5 (q), 31.3 (q), 29.7 (q), 18.6 (t), 
14.0 (q) ppm. MS (EI): m/z (%) 236 ([M]
+
, 1), 175 (14), 161 (14), 160 (20), 147 (27), 145 
(100), 133 (49), 131 (17), 121 (17), 119 (44), 117 (21), 115 (22), 109 (28), 107 (22), 105 
(68), 95 (19), 93 (20), 91 (72). HRMS (EI): Calcd. for C15H24O2 ([M+H]
+
), 236.1776; 
found, 236.1785. IR (NaCl, film)  3500-3000 (br, O-H), 2950 (s, C-H), 2924 (s, C-H), 
2867 (s, C-H), 1942 (w, C=C=C), 1450 (m), 1279 (m), 1000 (s) cm
-1
. 




1,3,3-trimethylcyclohexan-1-ol (2aS)-31b. Following the general procedure previously 
described for alcohol protection, the reaction between alcohol (2aS)-30b (0.44 g, 1.87 
mmol), imidazole (0.32 g, 4.68 mmol) and TBDMSCl (0.42 g, 2.81 mmol) in DMF 
afforded, after purification by column chromatography (silica gel, 90:10 hexane/EtOAc), 
0.62 g (94%) of (1R,2aS,3’E)-2-(5-tert-butyldimethylsilyloxy)-3-methylpenta-1,3-
dienylidene)-1,3,3-trimethylcyclohexan-1-ol (2aS)-31b. 
1
H-NMR (400.13 MHz, CDCl3): δ 
5.91 (s, 1H, H2’), 5.40 (t, J = 6.4 Hz, 1H, H4’), 4.19 (d, J = 6.4 Hz, 2H, 2H5’), 1.82-1.76 (m, 
1H), 1.70-1.67 (m, 1H), 1.58 (s, 3H, CH3), 1.45-1.39 (m, 3H), 1.29-1.26 (m, 1H), 1.21 (s, 
3H, CH3), 1.16 (s, 3H, CH3), 0.93 (s, 3H, CH3), 0.81 (s, 9H, 3 x CH3), -0.02 (s, 6H, 2 x 
CH3) ppm. 
13
C-NMR (100.16 MHz, CDCl3): δ 200.5 (s), 131.7 (s), 127.8 (d), 120.1 (s), 
102.7 (d), 71.1 (s), 60.6 (t), 40.4 (t), 40.3 (t), 34.5 (s), 31.5 (q), 31.3 (q), 29.8 (q), 26.2 (q), 
18.6 (q), 14.1 (t), -5.0 (q, 2x) ppm. HRMS (ESI
-
): Calcd. for C21H38NaO2Si ([M+Na]
+
), 
373.2533, found 373.2532. IR (NaCl, film)  3500-3000 (br, OH), 2950 (s, CH), 2924 (s, 




C20-tert-Butyldiphenylsilyl Ether 34. A degassed solution of stannane 33 (0.03 g, 
0.072 mmol) and (5Z,2’E)-3-bromo-5-(4’-tert-butyldiphenylsilyloxy-2’-methylbut-2’-
enylidene)-5H-furan-2-one 19 (0.03 g, 0.063 mmol) in DMF (2 mL) was transferred to a 
flask containing flame-dried [NBu4][Ph2PO2] (0.075 g, 0.051 mmol). After being cooled 
down to 0 ºC, CuTc (0.01 g, 0.061 mmol) was added followed by Pd(PPh3)4 (0.005 g, 
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0.004 mmol) and the reaction was stirred for 3 h at 0º C. The mixture was filtered through 
a pad of Celite® washing with EtOAc. The combined organic layer were washed with 
water (3x), dried (Na2SO4) and the solvent was evaporated. The residue was purified by 
flash chromatography following Harrowven´s protocol
33
 (10% silica/K2CO3, from 15:85 to 
30:70 hexane/EtOAc) to afford 0.034g (91%) of an orange foam identified as C20-tert-
butyldiphenylsilyl ether 34 and 0.007 g (45%) of a yellow oil identified as (1R,3S,6S)-
1,5,5-trimethyl-6-vinyl-7-oxabicyclo[4.1.0]heptan-3-ol 35. 
Data for C20-tert-butyldiphenylsilyl ether 34: [α]D
24
 -79 (c 0.28, MeOH). 
1
H-NMR 
(400.13 MHz, C6D6): δ 7.80-7.76 (m, 4H, ArH), 7.52 (d, J = 15.6 Hz, 1H, H7), 7.26-7.22 
(m, 6H, ArH), 6.50 (d, J = 15.6 Hz, 1H, H8), 6.10 (s, 1H, H10), 5.93 (t, J = 6.1 Hz, 1H, 
H14), 5.08 (s, 1H, H12), 4.33 (d, J = 6.1 Hz, 2H, 2H15), 3.84-3.77 (m, 1H, H3), 2.24 (ddd, J 
= 14.3, 5.0, 1.5 Hz, 1H, H4A), 1.76 (s, 3H, C13-CH3), 1.49-1.44 (m, 2H, H2A + H4B), 1.18 (s, 
9H, 3 x CH3), 1.12 (s, 3H, C1-CH3), 1.08 (s, 3H, C1-CH3 or C5-CH3), 1.07 (s, 3H, C1-CH3 
or C5-CH3), 1.08-1.06 (m, 1H, H2B) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 168.4 (s), 
146.8 (s), 138.0 (d), 137.1 (d), 136.0 (d, 4x), 134.9 (d), 133.9 (s, 2x), 133.0 (s), 130.2 (d, 
2x), 128.2 (d, 4x), 125.8 (s), 122.2 (d), 117.5 (d), 70.4 (s), 67.5 (s), 63.9 (d), 61.6 (t), 47.4 
(t), 41.2 (t), 35.3 (s), 29.6 (q), 27.0 (q, 3x), 25.3 (q), 19.9 (q), 19.4 (s), 15.4 (q) ppm. MS 
(ESI
+
): m/z 607 ([M+Na]
+
, 100), 183 (9). HRMS (ESI
+
): Calcd. for C36H44NaO5Si 
([M+Na]
+
), 607.2850; found, 607.2847. IR (NaCl):  3600-3200 (br, OH), 2958 (s, C-H), 
2928 (s, C-H), 2856 (s, C-H), 1757 (s, C=O), 1111 (s, Si-O), 1050 (s) cm
-1
. UV (MeOH): 
λmax 347 nm. 
 
Data for (1R,3S,6S)-1,5,5-trimethyl-6-vinyl-7-oxabicyclo[4.1.0]heptan-3-ol 35: 
[α]D
21
 -84 (c 1.0, CHCl3). 
1
H-NMR (400.13 MHz, C6D6): δ 5.88 (dd, J = 17.0, 10.7 Hz, 
1H, H1’), 5.45 (dd, J = 17.0, 2.6 Hz, 1H, H2’A), 5.15 (dd, J = 10.7, 2.6 Hz, 1H, H2’B), 3.75-
3.69 (m, 1H, H3), 2.16 (ddd, J = 14.2, 5.1, 1.8 Hz, 1H, H2A), 1.42 (ddd, J = 12.9, 3.4, 1.8 
Hz, 1H, H2B), 1.39 (dd, J = 14.3, 8.7 Hz, 1H, H4A), 1.08 (s, 3H, C1-CH3), 1.05-1.03 (m, 1H, 
H4B), 1.04 (s, 3H, C5-CH3), 0.96 (s, 3H, C5-CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 
                                                 
33
 Harrowven, D. C.; Curran, D. P.; Kostiuk, S. L.; Wallis-Guy, I. L.; Whiting, S.; Stenning, K. J.; Tang, B.; 
Packard, E.; Nanson, L. Chem. Commun. 2010, 46, 6335. 
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134.2 (d), 118.1 (t), 70.2 (s), 66.2 (s), 63.9 (d), 47.4 (t), 41.2 (t), 34.8 (s), 29.5 (q), 25.1 (q), 
19.9 (q) ppm. MS (ESI
+
): m/z 205 ([M+Na]
+
, 2), 183 ([M+H]
+
, 2), 165 (100) .HRMS 
(ESI
+
): Calcd. for C11H19O2 ([M+H]
+
) 183.1380; found, 183.1378. IR (NaCl):  3100-




(8R)-C20-furanoxide-15-silyl Ether 36. To a solution of C20-tert-
butyldiphenylsilyl ether 35 (0.032 g, 0.055 mmol) in CH2Cl2 (1.8 mL) was added TFA 
(0.04 mL, 0.5M in CH2Cl2, 0.02·mmol) at 0 ºC. After being stirred for 1 h at 0 ºC and for 
15 h at 25 ºC, water was added and the mixture was extracted with Et2O (3x). The 
combined organic layers were washed with brine (3x) and dried (Na2SO4) and the solvent 
was evaporated. The residue was purified by column chromatography (silica gel, from 
80:20:3 to 60:40:3 hexane/EtOAc/Et3N) to afford 0.02 g (68%) of a yellow oil identified as 
(8R)-C20-furanoxide-15-silyl ether 36. [α]D
22
 59 (c 0.26, MeOH). 
1
H-NMR (400.13 MHz, 
C6D6): δ 7.80-7.77 (m, 4H, ArH), 7.24-7.22 (m, 6H, ArH), 6.83 (d, J = 1.6 Hz, 1H, H10), 
5.94-5.86 (m, 1H, H14), 5.62 (s, 1H, H8), 5.58 (d, J = 1.4 Hz, 1H, H7), 5.08 (s, 1H, H12), 
4.31 (d, J = 6.2 Hz, 2H, 2H15), 3.81-3.77 (m, 1H, H3), 2.11 (ddd, J = 13.5, 3.7, 1.9 Hz, 1H, 
H4A), 1.89 (dd, J = 13.6, 4.1 Hz, 1H, H4B), 1.75 (s, 6H, C5-CH3 + C13-CH3), 1.42 (ddt, J = 
11.9, 3.7, 2.0 Hz, 1H, H2A), 1.29 (s, 3H, C1-CH3), 1.19-1.17 (m, 10H, 3 x CH3 + H2B), 0.96 
(s, 3H, C1-CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 168.4 (s), 154.3 (s), 146.9 (s), 
138.5 (d), 137.6 (d), 136.0 (d, 4x), 134.0 (s), 134.1 (s, 2x), 132.9 (s), 130.2 (d, 2x), 128.2 
(d, 4x), 117.9 (d), 116.9 (d), 87.9 (s), 77.7 (d), 67.6 (d), 61.5 (t), 47.8 (t), 46.7 (t), 34.1 (q), 
31.4 (q), 28.9 (q), 28.5 (q), 27.0 (q, 3x), 19.5 (s), 15.4 (q) ppm. MS (ESI
+
): m/z 607 
([M+Na]
+
, 4), 585 ([M+H]
+
, 7), 279 (100), 196 (63). HRMS (ESI
+
): Calcd. for C36H45O5Si 
([M+H
+
]), 585.3031; found 585.3050. IR (NaCl):  3600-3200 (m, O-H), 2959 (m, C-H), 
2928 (m, C-H), 2857 (m, C-H), 1753 (s, C=O), 1629 (s), 1113 (s, Si-O) cm
-1
. UV (MeOH): 
λmax 327 nm. 
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C20-(8R)-furanoxide-15-ol 37. To a solution of C20-tert-butyldiphenylsilyl ether 34 
(0.16 g, 0.277 mmol) in CH3CN (97.2 mL) was carefully added a 30% aqueous solution of 
H2SO4 (12.2 mL). After stirring for 15 h at -10 ºC, the reaction mixture was neutralized at 
0 ºC with a saturated aqueous solution of NaHCO3 and the solvent was evaporated. A 
50:5:45 mixture of EtOAc/MeOH/CH2Cl2 was added and the organic layer was washed 
with a saturated solution of NaHCO3 (3x), dried (Na2SO4) and evaporated. The residue was 
purified by column chromatography (silica gel, from 10:20:70 to 0:20:80 
hexane/acetone/CH2Cl2) affording 0.04 g (41%) of a 3:91:6 mixture of C20-(8S)-
furanoxide-15-ol/C20-(8R)-furanoxide-15-ol/C20-(13Z)-furanoxide-15-ol. These three 
isomers were separated by HPLC using a Waters Prep Nova-Pack® HR Silica 60Å column 
(3.5 mL/min, 78:15:7 hexane/acetone/i-PrOH). 
Data for C20-(8R)-furanoxide-15-ol 37. m. p.: 142 ºC (dec., hexane/acetone). [α]D
23
 
184 (c 0.59, MeOH). 
1
H-NMR (400.13 MHz, CDCl3): δ 7.17 (d, J = 1.5 Hz, 1H, H10), 5.94 
(tq, J = 6.5, 1.2 Hz, 1H, H14), 5.62 (s, 1H, H12), 5.59 (s, 1H, H8), 5.51 (d, J = 1.4 Hz, 1H, 
H7), 4.34 (d, J = 6.6 Hz, 2H, H15), 4.26-4.23 (m, 1H, H3), 2.21-2.16 (m, 1H, H4A), 2.07 (d, 
J = 1.3 Hz, 3H, C13-CH3), 1.92 (dd, J = 13.6, 4.4 Hz, 1H, H4B), 1.75 (ddd, J = 14.3, 4.1, 1.8 
Hz, 1H, H2A), 1.65 (s, 3H, C5-CH3), 1.48 (dd, J = 14.3, 3.7 Hz, 1H, H2B), 1.33 (s, 3H, C1-
CH3), 1.15 (s, 3H, C1-CH3) ppm. 
13
C-NMR (101.16 MHz, CDCl3): δ 169.0 (s), 154.1 (s), 
146.8 (s), 138.8 (d), 137.0 (d), 133.9 (s), 133.7 (s), 117.6 (d), 117.5 (d), 88.0 (s), 77.2 (d), 
67.7 (d), 59.6 (t), 47.6 (t), 46.7 (t), 34.0 (s), 31.4 (q), 28.8 (q), 28.7 (q), 15.6 (q) ppm. MS 
(ESI
+
): m/z 347 ([M+H]
+
, 100), 329 (31), 196 (30). HRMS (ESI
+
): Calcd. for C20H27O5 
([M+H]
+
), 347.1853; found 347.1854. IR (NaCl):  3600-3100 (w, O-H), 2961 (w, C-H), 
2925 (w, C-H), 2878 (w, C-H), 1748 (s, C=O) cm
-1
. UV (MeO ): λmax 325 nm. 
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Data for C20-(13Z)-furanoxide-15-ol 37. 
1
H-NMR (400.13 MHz, CDCl3): δ 7.21 (d, 
J = 1.5 Hz, 1H, H10), 5.94 (s, 1H, H12), 5.76 (t, J = 7.2 Hz, 1H, H14), 5.60 (s, 1H, H8), 5.52 
(d, J = 1.3 Hz, 1H, H7), 4.29 (dq, J = 7.0, 1.0 Hz, 2H, 2H15), 4.27-4.24 (m, 1H, H3), 2.23-
2.19 (m, 1H, H4A), 2.16 (d, J = 1.3 Hz, 3H, C13-CH3), 1.92 (dd, J = 13.6, 4.4 Hz, 1H, H4B), 
1.76 (ddd, J = 14.3, 4.0, 1.8 Hz, 1H, H2A), 1.66 (s, 3H, C5-CH3), 1.49-1.46 (m, 1H, H2B), 
1.34 (s, 3H, C1-CH3), 1.16 (s, 3H, C1-CH3) ppm. MS (ESI
+
): m/z 347 ([M+H]
+
, 100), 329 
(37). HRMS (ESI
+
): Calcd. for C20H27O5 ([M+H
+
]), 347.1853; found 347.1852. IR 





Data for C20-(8S)-furanoxide-15-ol 37. 
1
H-NMR (400.13 MHz, CDCl3): δ 7.21 (d, 
J = 1.4 Hz, 1H, H10), 5.97-5.93 (m, 1H, H14), 5.64 (s, 1H, H12), 5.63 (d, J = 2.1 Hz, 1H, 
H7), 5.50 (br s, 1H, H8), 4.35 (d, J = 6.7 Hz, 2H, 2H15), 4.30-4.27 (m, 1H, H3), 2.22-2.17 
(m, 1H, H4A), 2.08 (s, 3H, C13-CH3), 1.97-1.86 (m, 1H, H4B), 1.83-1.75 (m, 1H, H2A), 1.68 
(s, 3H, C5-CH3), 1.49 (dd, J = 14.8, 4.2 Hz, 1H, H2B), 1.31 (s, 3H, C1-CH3), 1.19 (s, 3H, 
C1-CH3) ppm. MS (ESI
+
): m/z 347 ([M+H]
+
, 100), 329 (41). HRMS (ESI
+
): Calcd. for 
C20H27O5 ([M+H
+
]), 347.1853; found 347.1861. IR (NaCl):  3600-3200 (w, O-H), 2959 




C20-furanoxide-15-ol 37. To a solution of C20-furanoxide-15-silyl ether 36 (0.02 g, 
0.027 mmol) in THF (1.8 mL) was added a solution of HF-Py (0.9 mL) in THF (1.8 mL) 
and Py (0.45 mL). After being stirred for 20 h at 25 ºC, a saturated aqueous solution of 
NaHCO3 was added and the mixture was extracted with a 90:10 EtOAc/CH2Cl2 solvent 
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mixture (3x). The combined organic layers were dried (Na2SO4) and the solvent was 
evaporated. The residue was purified by column chromatography (silica gel, from 95:5 to 
90:10 CH2Cl2/MeOH) to afford 5 mg (52%) of C20-furanoxide-15-ol 37. 
 
C20-Furanoxide-15-al 4. To a cooled (0 ºC) solution of C20-furanoxide-15-ol 37 
(0.012 g, 0.04 mmol) in CH2Cl2 (4.7 mL) were added Na2CO3 (0.05 g, 0.61 mmol) and 
MnO2 (0.06 g, 0.61 mmol). After stirring for 1 h at 0 ºC, the reaction mixture was filtered 
through a pad of Celite®, washing with a 50:45:5 EtOAc/CH2Cl2/MeOH mixture and the 
solvent was evaporated to afford 0.01 g (89%) of a yellow solid identified as C20-
furanoxide-15-al 4 which was used without further purification. m. p.: 170 ºC (dec., 
hexane/EtOAc). [α]D
25
 166 (c 0.13, MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 9.80 (d, J = 
7.8 Hz, 1H, H15), 6.65 (d, J = 1.5 Hz, 1H, H10), 5.84 (d, J = 7.9 Hz, 1H, H14), 5.54-5.52 (m, 
2H, H8 + H7), 4.78 (s, 1H, H12), 3.82-3.78 (m, 1H, H3), 2.16-2.11 (m, 1H, H4A), 1.98 (d, J = 
1.1 Hz, 3H, C13-CH3), 1.85 (dd, J = 13.4, 4.0 Hz, 1H, H4B), 1.75 (s, 3H, C5-CH3), 1.46-1.41 
(m, 1H, H2A), 1.29 (s, 3H, C1-CH3), 1.16 (dd, J = 14.2, 3.6 Hz, 1H, H2B), 0.96 (s, 3H, C1-
CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 189.9 (d), 167.4 (s), 155.0 (s), 151.3 (s), 
150.6 (s), 138.0 (d), 136.9 (s), 132.9 (d), 117.2 (d), 114.7 (d), 88.1 (s), 77.6 (d), 67.5 (d), 
47.7 (t), 46.7 (t), 34.2 (s), 31.4 (q), 28.8 (q), 28.4 (q), 15.5 (q) ppm. MS (ESI
+
): m/z 367 
([M+Na]
+
, 27), 345 ([M+H]
+
, 100), 233 (36), 139 (88). HRMS (ESI
+
): Calcd. for 
C20H25O5 ([M+H]
+
), 345.1696; found 345.1693. IR (NaCl):  3600-3300 (br, O-H), 2958 
(w, C-H), 2925 (w, C-H), 2858 (w, C-H), 1769 (s, C=O), 1663 (s, C=O), 1627 (s, C=C) 
cm
-1
. UV (MeO ): λmax 333, 238 nm. 
 
(E)-3-(Tributylstannyl)but-2-en-1-ol 38. To a solution of hexabutylditin (35.0 
mL, 71.05 mmol) in THF (136.8 mL) was added n-BuLi (48.7 mL, 1.6 M in hexane, 71.05 
mmol) at -78 °C. The solution was stirred for 30 min at -40 °C. Then was added CuCN 
(3.07 gm, 34.6 mmol) at -78 °C and the solution was stirred at -40 °C for 5 min. MeOH (74 
mL) was added at -78 °C and the solution was stirred for 15 min at -40 ºC. A solution of 
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but-2-yn-1-ol 10 (1.2 g, 17.32 mmol) in THF (14 mL) was added at -40 ºC and the 
temperature was allowed to warm up to -10 ºC overnight. MeOH (70 mL) and water (70 
mL) were carefully added at -20 ºC. The mixture was allowed to warm to room 
temperature and was extracted with diethyl ether (3x). The organic layer was washed with 
brine, dried over NaSO4, filtered, and concentrated. The residue was purified by column 
chromatography (silica gel, 97:3 hexane/Et3N) to afford 6.22 g (99%) of a yellow oil 
identified as (E)-3-(tributylstannyl)but-2-en-1-ol 38. 
1
H-NMR (400.13 MHz, C6D6): δ 
6.00-5.78 (m, 
3
JSnH = 35.1 Hz, 1H, H1), 4.09 (t, J = 4.5 Hz, 2H, 2H2), 1.83 (s, 
3
JSnH = 22.6 




(E)-3-(Tributylstannyl)but-2-enal 39. To a cooled (0 ºC) solution of (2E)-3-
tributylstannyl-but-2-en-1-ol 38 (5.05 g, 13. 96 mmol) in CH2Cl2 (65 mL) was added 
MnO2 (23.91 g, 19.7 mmol). After the mixture was stirred for 3.5 h at 0 ºC, it was filtered 
through a pad of Celite® (CH2Cl2) and the solvent was evaporated to afford 4.61 g (92%) 
of a yellow oil identified as (E)-3-(tributylstannyl)but-2-en-1-al 39. 
1
H-NMR (400.13 
MHz, C6D6): δ 10.13 (d, J = 7.6 Hz, H1), 6.48 (app. dd, J = 1.8 Hz, 7.6 Hz, 
3
JSnH = 31.2 
Hz, H2), 2.05 (d, J = 1.8 Hz, 
3
JSnH = 21.0 Hz, 3H, CH3), 1.60-1.48 (m, 6H), 1.27 (dd, J = 




Ethyl (2E,4E)-5-(tri-n-Butylstannyl)hexa-2,4-dienoate 40. To a cooled (0 
o
C) 
solution of ethyl 2-(diethoxyphosphoryl)acetate (0.94 mL, 4.66 mmol) in THF (18 mL) 
was added n-BuLi (3.3 mL, 1.38 M in hexane, 4.45 mmol) dropwise and the mixture was 
stirred for 10 min at 0 ºC and 20 for min at 25 ºC. The reaction mixture was cooled down 
to 0 
o
C and a solution of (E)-3-(tri-n-butylstannyl)but-2-enal 39 (1.45 g, 4.05 mmol) in 
THF (4.5 mL) was added. After 2 h at 25 ºC, H2O was added and the mixture was 
extracted with Et2O (3x). The combined organic layers were washed with H2O (3x), brine 
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35
 Lipshutz, B. H.; Clososki, G. C.; Chrisman, W.; Chung, D. W.; Ball, D. B.; Howell, J. Org. Lett. 2005, 7, 
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(3x) and dried (Na2SO4) and the solvent was evaporated. The residue was purified by 
column chromatography (silica gel, 97:3 hexane/Et3N) to afford 1.63 g (94%) of a yellow 
oil identified as ethyl (2E,4E)-5-(tri-n-butylstannyl)hexa-2,4-dienoate 40. 
1
H-NMR 
(400.13 MHz, C6D6): δ 8.02 (dd, J = 15.2, 11.3 Hz, 1H, H3), 6.47 (dd, J = 11.3, 1.7 Hz, 
2
JSnH = 62.5 Hz, 1H, H4), 5.98 (d, J = 15.2 Hz, 1H, H2), 4.09 (q, J = 7.1 Hz, 2H, 
CO2CH2CH3), 1.92 (d, J = 1.7 Hz, 
3
JSnH = 46.3 Hz, 3H, CH3), 1.55-1.48 (m, 6H), 1.38-1.28 
(m, 6H), 1.36 (t, J = 7.1 Hz, 3H, CO2CH2CH3), 0.94-0.89 (m, 15H) ppm. 
13
C-NMR 
(100.16 MHz, CDCl3): δ 167.3 (s), 156.9 (s), 137.7 (d), 137.4 (d), 121.2 (d), 60.1 (t), 29.5 
(t, 3x, 
3
JSnC = 20.0 Hz), 27.7 (t, 3x, 
2
JSnC = 54.8 Hz), 20.5 (q), 14.4 (q), 13.9 (q, 3x), 9.5 (t, 
3x, 
1
JSnC = 324.4 Hz) ppm. MS (ESI
+
): m/z 431 ([M+H]
+
, 100), 430 (44), 429 (76), 428 
(36), 427 (45). HRMS (ESI
+




]), 431.1970; found, 
431.1982. IR (NaCl):  2957 (s, C-H), 2925 (s, C-H), 2871 (m, C-H), 2852 (m, C-H), 






(2E,4E)-5-(tri-n-Butylstannyl)hexa-2,4-dien-1-ol 41. To a cooled (-78 
o
C) 
solution of ethyl (2E, 4E)-5-(tri-n-butylstannyl)hexa-2,4-dienoate 40 (1.63 g, 3.79 mmol) 
in THF (36 mL) was added DIBAL-H (13.5 mL, 15.34 mmol). The reaction was stirred for 
1 hour at -78 
o
C and H2O was added slowly. The reaction mixture was extracted with Et2O 
(3x) and the combined organic layers were dried (Na2SO4) and the solvent was evaporated 
to afford, after purification by column chromatography (silica gel, 82:15:3 
hexane/EtOAc/Et3N), 1.46 g (99%) of a yellow oil identified as (2E,4E)-5-(tri-n-
butylstannyl)hexa-2,4-dien-1-ol 41. 
1
H-NMR (400.13 MHz, C6D6): δ 6.70 (dd, J = 15.1, 
10.7 Hz, 1H, H3), 6.46 (dd, J = 10.6, 1.4 Hz, 
3
JSnH = 66.7 Hz, 1H, H4), 5.66 (dt, J = 15.5, 
5.5 Hz, 1H, H2), 3.92 (s, 2H, 2H1), 2.05 (d, J = 1.4 Hz, 
2
JSnH = 47.0 Hz, 3H, CH3), 1.64-
1.57 (m, 6H), 1.43-1.34 (m, 6H), 1.02-0.98 (m, 6H), 0.94 (t, J = 7.3 Hz, 9H). ppm. 
13
C-
NMR (100.16 MHz, C6D6): δ 143.0 (s), 139.4 (d), 132.5 (d), 125.5 (d), 63.3 (t), 29.7 (t, 3x, 
3
JSnC = 19.8 Hz), 27.9 (t, 3x, 
2
JSnC = 54.6 Hz), 20.1 (q), 14.0 (q, 3x), 9.4 (t, 3x, 
1
JSnC = 
323.5 Hz) ppm. HRMS (ESI
+




), 371.1755; found 
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(2E,4E)-Benzothiazolyl 5-(tri-n-Butylstannyl)hexa-2,4-dien-1-yl Thioether 42. 
To a cooled (0 ºC) solution of (2E,4E)-5-(tri-n-butylstannyl)hexa-2,4-dien-1-ol 41 (1.11 g, 
2.88 mmol), 2-mercaptobenzothiazol (0.72 g, 4.32 mmol) and PPh3 (1.23 g, 4.69 mmol) in 
THF (15 mL) was added a solution of DIAD (0.86 mL, 4.32 mmol) in THF (6 mL) and the 
mixture was stirred for 30 min at 25 ºC. The solvent was removed and the residue was 
purified by column chromatography (C18 silica gel, from 100:0 to 90:10 
acetonitrile/CH2Cl2) to afford 1.37 g (86%) of a colorless oil identified as (2E,4E)-
benzothiazolyl 5-(tri-n-butylstannyl)-hexa-2,4-dien-1-yl thioether 42. 
1
H-NMR (400.13 
MHz, C6D6): δ 7.89 (d, J = 8.1 Hz, 1H, ArH), 7.24 (d, J = 8.0 Hz, 1H, ArH), 7.13-7.06 (m, 
1H, ArH), 6.95–6.88 (m, 1H, ArH), 6.71 (dd, J = 14.9, 10.6 Hz, 1H, H3), 6.34 (dd, J = 
10.6, 1.5 Hz, 
3
JSnH = 66.0 Hz, 1H, H4), 5.79 (dt, J = 14.9, 7.5 Hz, 1H, H2), 3.94 (d, J = 7.4 
Hz, 2H, H1), 1.99 (d, J = 1.6 Hz,
 3
JSnH = 46.3 Hz, 3H, C5-CH3), 1.59-1.52 (m, 6H), 1.39-
1.30 (m, 6H), 0.97-0.89 (m, 15H) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 166.4 (s), 153.9 
(s), 144.7 (s), 138.8 (d), 135.9 (s), 129.4 (d, 
2
JSnC = 66.5 Hz), 126.9 (d), 126.2 (d), 124.3 
(d), 121.9 (d), 121.2 (d), 36.0 (t), 29.6 (t, 3x, 
3
JSnC = 20.0 Hz), 27.8 (t, 3x, 
1
JSnC = 54.2 Hz), 
20.2 (q, 
2
JSnC = 38.1 Hz), 14.0 (q, 3x), 9.5 (t, 3x, 
1
JSnC = 321.8 Hz) ppm. HRMS (ESI
+
): 
Calcd. for C25H40NS2Sn ([M+H]
+
), 538.1667; found 538.1609. IR (NaCl):  2954 (s, C-




(2E,4E)-5-(tri-n-Butylstannyl)-1-benzothiazolsulphonyl-hexa-2,4-diene 5. To a 
cooled (0 ºC) solution of (2E,4E)-benzothiazolyl 5-(tri-n-butylstannyl)hexa-2,4-dien-1-yl 
thioether 42 (1.19 g, 2.15 mmol) in EtOH (22.5 mL) was added dropwise a solution of 
Mo7O24(NH4)6·4H2O (0.531 g, 0.43 mmol) in 35% H2O2 (1.13 mL). After stirring for 15 h 
at 0º C, Et2O and water were added and the reaction mixture was allowed to warm to 25 
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ºC. The mixture was extracted with Et2O (3x) and the combined organic layers were 
washed with brine and dried (Na2SO4) and the solvent was evaporated. The residue was 
purified by column chromatography (C18 silica gel, MeOH) to afford 0.917 g (75%) of a 
pale yellow solid identified (2E,4E)-5-(tri-n-butylstannyl)-1-benzothiazolsulphonyl-hexa-
2,4-diene 5 and 0.05 g (8%) of a white solid identified as (2E,4E)-1-
benzothiazolsulphonyl-hexa-2,4-diene 43. 
Data for (2E,4E)-5-(tri-n-butylstannyl)-1-benzothiazolsulphonyl-hexa-2,4-diene 5: 
m. p.: 73-75 ºC (hexane). 
1
H-NMR (400.13 MHz, C6D6): δ 7.95 (d, J = 8.3 Hz, 1H, ArH), 
7.10-7.04 (m, 2H, ArH), 6.92 (ddd, J = 8.3, 7.3, 1.1 Hz, 1H, ArH), 6.49 (dd, J = 15.1, 10.7 
Hz, 1H, H3), 6.20 (dd, J = 10.7, 1.6 Hz, 
2
JSnH = 64.8 Hz, 1H, H4), 5.49 (dt, J = 15.1, 7.6 
Hz, 1H, H2), 3.96 (d, J = 7.6 Hz, 2H, 2H1), 1.73 (d, J = 1.7 Hz,
 2
JSnH = 44.4 Hz, 3H, C5-
CH3), 1.54-1.44 (m, 6H), 1.28 (dt, J = 14.3, 7.2 Hz, 6H), 0.90-0.85 (m, 15H) ppm. 
13
C-
NMR (101.16 MHz, C6D6): δ 167.3 (s), 153.0 (s), 147.9 (s), 137.9 (d, 
3
JSnC = 32.4 Hz), 
137.0 (s), 134.8 (d, 
2
JSnC = 62.7 Hz), 127.5 (d), 127.4 (d), 125.2 (d), 122.4 (d), 116.4 (d), 
58.6 (t), 29.5 (t, 3x, 
3
JSnC = 18.3 Hz), 27.7 (t, 3x, 
2
JSnC = 54.6 Hz), 20.0 (q, 
2
JSnC = 37.2 
Hz), 13.9 (q, 3x), 9.4 (t, 3x, 
1
JSnC = 323.5 Hz) ppm. HRMS (ESI
+
): Calcd. for 
C25H39NNaO2S2Sn ([M+Na]
+
), 592.1338; found 592.1329. IR (NaCl):  2955 (m, C-H), 





Data (2E,4E)-1-benzothiazolsulphonyl-hexa-2,4-diene 43. 
1
H-NMR (400.13 MHz, 
C6D6): δ 7.98-7.93 (m, 1H, ArH), 7.07-7.01 (m, 2H, ArH), 6.91-6.86 (m, 1H, ArH), 5.88 
(dd, J = 15.2, 10.4 Hz, 1H, H4), 5.65 (ddd, J = 14.9, 10.5, 1.8 Hz, 1H, H3), 5.37-5.21 (m, 
2H, H2 + H5), 3.87 (d, J = 7.6 Hz, 2H, 2H1), 1.35 (d, J = 6.7 Hz, 3H, H6) ppm. 
13
C-NMR 
(101.16 MHz, C6D6): δ 167.4 (s), 153.2 (s), 140.6 (d), 137.1 (d), 132.4 (s), 130.7 (d), 127.5 





), 280.0466; found 280.0458. IR (NaCl):  2949 (w, C-H), 2977 
(w, C-H), 2919 (w, C-H), 1320 (s, SO2), 1143 (s, SO2) cm
-1
. 
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C26-Stannane 44. To a cooled (-78 ºC) solution of (2E,4E)-5-(tri-n-butylstannyl)-1-
benzothiazolsulphonyl-hexa-2,4-diene 5 (0.08 g, 0.15 mmol) in THF (2.4 mL) was added 
NaHMDS (0.11 mL, 1M in THF, 0.11 mmol). After stirring for 30 min, a solution of the 
C20-furanoxide-15-al 4 (0.02g, 0.048 mmol) in THF (3.2 mL) was added and the resulting 
mixture was stirred for 2h at -78 ºC. Water was added at -78 ºC and the mixture was 
allowed to warm up to 25 ºC. The mixture was extracted with 90:10 EtOAc/CH2Cl2 and 
the combined organic layers were dried (Na2SO4) and the solvent was evaporated. The 
residue was purified by column chromatography (C18 silica gel, from 100:0 to 90:10 
CH3CN/CH2Cl2) to afford 0.06 g (74%) of an orange oil identified as a 10:1 mixture of 
15Z/15E isomers of stannane 44 which were purified by HPLC (Waters Spherisorb® 5S 
NH2, 250 x 10 mm, 70:15:15 hexane/acetone/CH2Cl2, 2.0 mL/min) to afford (15Z)-C26-
stannane (tR = 12 min) and (15E)-C26-stannane (tR = 14 min), both as orange oils. 
Data for (15Z)-C26-stannane 44: [α]D
25
 24 (c 0.0026, MeOH). 
1
H-NMR (400.13 
MHz, C6D6): δ 6.96 (d, J = 1.4 Hz, 1H, H10), 6.93-6.82 (m, 1H, H11’), 6.80 (dd, J = 14.1, 
10.4 Hz, 1H, H14’), 6.71 (dd, J = 10.5, 1.8 Hz, 1H, H10’), 6.66 (d, J = 10.6 Hz, 1H, H14), 
6.24-6.15 (m, 2H, H15 + H15’), 5.68 (s, 1H, H7), 5.64 (s, 1H, H8), 5.17 (s, 1H, H12), 3.77 
(dd, J = 6.9, 3.5 Hz, 1H, H3), 2.15-2.11 (m, 1H, H4A), 2.13 (s, 3H, C13-CH3), 2.09 (d, J = 
1.4 Hz, 3H, C5-CH3), 1.93 (dd, J = 13.3, 3.9 Hz, 1H, H4B), 1.77 (s, 3H, C1-CH3), 1.67-1.58 
(m, 6H), 1.43-1.38 (m, 1H, H2A), 1.44-1.38 (m, 6H), 1.29 (s, 3H, C1-CH3), 1.17 (dd, J = 
14.1, 3.3 Hz, 1H, H2B), 1.07-1.38 (m, 6H), 0.98 (s, 3H, C9’-CH3), 0.96-0.92 (m, 9H) 
ppm.
13
C-NMR (101.16 MHz, C6D6): δ 168.3 (s), 154.3 (s), 148.0 (s), 147.5 (s), 140.2 (d), 
138.1 (d), 134.6 (s), 133.5 (s), 132.9 (d), 132.1 (d), 129.9 (d), 129.7 (d), 125.7 (d), 118.2 
(d), 118.1 (d), 87.8 (s), 77.8 (d), 67.7 (d), 47.8 (t), 46.7 (t), 34.1 (s), 31.4 (q), 29.7 (t, 3x), 
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, 26), 481 (47), 409 (100). HRMS (ESI
-
): Calcd. for C40H61O6Sn 
([M+CH3COO]
-
), 757.3504; found 757.3518. IR (NaCl):  3800-3500 (w, O-H), 3024 (w, 
C-H), 2956 (w, C-H), 2924 (w, C-H), 2856 (w, C-H), 1750 (s, C=O), 1681 (s, C=C), 1651 
(s, C=C) cm
-1
. UV (MeOH): λmax 422, 272 nm.  
Data for (15E)-C26-stannane: 
1
H-NMR (400.13 MHz, C6D6): δ 6.93 (d, J = 1.5 Hz, 
1H, H10), 6.78 (dd, J = 14.2, 10.8 Hz, 1H, H15), 6.63 (d, J = 11.0 Hz, 1H, H14), 6.41-6.33 
(m, 2H, H11’ + H14’), 6.31-6.17 (m, 2H, H10’ + H15’), 5.69 (s, 1H, H8), 5.63 (s, 1H, H7), 5.23 
(s, 1H, H12), 3.80-3.74 (m, 1H, H3), 2.13 (s, 3H, C13-CH3), 2.11 (s, 3H, C5-CH3), 2.11-2.07 
(m, 1H, H4A), 1.91 (dd, J = 13.5, 3.9 Hz, 1H, H4B), 1.77 (s, 3H, C1-CH3), 1.67-1.59 (m, 
6H), 1.47-1.35 (m, 7H, H2A + 6H), 1.29 (s, 3H, C1-CH3), 1.20-1.13 (m, 1H, H2B), 1.08-1.03 
(m, 6H), 0.98-0.93 (m, 15H), 0.96 (s, C9’-CH3) ppm. MS (ESI
-
): m/z 743 ([M+HCOO]
-
, 
100), 265 (56). HRMS (ESI
-
): Calcd. for C39H59O6Sn ([M+HCOO]
-
), 743.3347; found 
743.3319. 
 
All-trans-(8R,6’R)-peridin-5,8-furanoxide 3. To a degassed solution of the C26-
stannane 44 (0.015 g, 0.021 mmol) and C11-iodo-alene 6 (0.009 g, 0.026 mmol) in DMF 
(0.68 mL) was added Pd(PPh3)4 (0.0025 g, 2.15x10
-3
 mmol). After stirring for 2 h at 40 ºC 
the reaction was diluted with a 90:10 EtOAc/CH2Cl2 mixture and filtered through a pad of 
silica and the solvent was evaporated. The residue was purified by HPLC (Waters 
Spherisorb® 5µm silica gel, 250 x 10 mm, 62.4:25:2.5:0.1 hexane/CH2Cl2/i-PrOH/DIPEA, 
1.5 mL/min) to afford 2.4 mg (18%) of all-trans-(8R,6’R)-peridin-5,8-furanoxide (tR = 
56.5 min) and 6.4 mg (47%) of all-trans-(8R,6’S)-peridin-5,8-furanoxide (tR = 80.1 min), 
both as reddish solids. 
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Data for all-trans-(8R,6’R)-peridin-5,8-furanoxide (8R,6’R)-3. 1H-NMR (400.13 
MHz, CDCl3): δ 7.17 (d, J = 1.3 Hz, 1H, H10), 6.60 (m, 2H, H15 + H11’), 6.50 (dd, J = 14.2, 
11.0 Hz, 1H, H15’), 6.37 (dd, J = 14.5, 10.9 Hz, 1H, H14’), 6.42 (d, J = 11.4 Hz, 1H, H14), 
6.10 (d, J = 11.5 Hz, 1H, H10’), 6.05 (s, 1H, H8’), 5.70 (s, 1H, H12), 5.61 (s, 1H, H8), 5.53 
(d, J = 1.1 Hz, 1H, H7), 5.38 (m, 1H, H3’), 4.25 (m, 1H, H3), 2.31-2.25 (m, 1H, H4’A), 2.24-
2.17 (m, 1H, H4A), 2.21 (s, 3H, C13-CH3), 2.04 (s, 3H, COCH3), 2.02-1.96 (m, 1H, H2’A), 
1.93 (dd, J = 13.5, 4.0 Hz, 1H, H4B), 1.79 (s, 3H, C9’-CH3), 1.78-1.73 (m, 1H, H2A), 1.66 
(s, 3H, C5-CH3), 1.56-1.48 (m, 2H, H4’B + H2B), 1.40 (t, J = 12.2 Hz, H2’B), 1.38 (s, 3H, 
C1’-CH3), 1.35 (s, 3H, C5’-CH3), 1.34 (s, 3H, C1-CH3), 1.16 (s, 3H, C1-CH3), 1.06 (s, 3H, 
C1’-CH3) ppm. 
13
C-NMR (101.16 MHz, CDCl3): δ 202.6 (s), 170.4 (s), 168.9 (s), 153.8 (s), 
146.7 (s), 138.2 (d), 137.8 (d), 137.1 (d), 133.8 (s), 133.6 (s), 133.0 (d), 132.4 (s), 131.4 
(d), 128.8 (d), 128.1 (d), 118.8 (d), 117.8 (d), 117.6 (s), 103.3 (d), 87.8 (s), 77.2 (d), 72.7 
(s), 67.9 (d), 67.7 (d), 47.5 (t), 46.6 (t), 45.4 (t), 45.2 (t), 35.8 (s), 33.9 (s), 32.1 (q), 31.3 (q, 
2x), 29.2 (q), 28.7 (q), 28.6 (q), 21.4 (q), 15.4 (q), 14.0 (q) ppm. MS (ESI
+
): m/z 653 
([M+Na]
+
, 67), 413 (100), 299 (67). HRMS (ESI
-
): Calcd. for C39H50NaO7 ([M+Na
+
]), 
653.3449; found 653.3435. UV (MeO ): λmax 445 nm. 
Data for all-trans-(8R,6’S)-peridin-5,8-furanoxide (8R,6’S)-3. 1H-NMR (400.13 
MHz, CDCl3) δ: 7.17 (d, J = 1.3 Hz, 1H, H10), 6.63 (dd, J = 13.9, 11.6 Hz, 1H, H11’), 6.60 
(dd, J = 13.9, 11.3 Hz, 1H, H15), 6.50 (dd, J = 14.2, 11.0 Hz, 1H, H14’ or H15’), 6.37 (dd, J 
= 14.4, 10.8 Hz, 1H, H15’ or H14’), 6.42 (d, J = 11.3 Hz, 1H, H14), 6.16 (s, 1H, H8’), 6.12 (d, 
J = 11.6 Hz, 1H, H10’), 5.70 (s, 1H, H12), 5.61 (s, 1H, H8), 5.53 (d, J = 1.0 Hz, 1H, H7), 
5.37 (m, 1H, H3’), 4.25 (m, 1H, H3), 2.30-2.19 (m, 1H, H4’A), 2.24-2.17 (m, 1H, H4A), 2.21 
(s, 3H, C13-CH3), 2.04 (s, 3H, COCH3), 2.00-1.90 (m, 2H, H4B + H2’A), 1.84 (s, 3H, C9’-
CH3), 1.78-1.72 (m, 1H, H2A), 1.66 (s, 3H, C5-CH3), 1.54-1.44 (m, 2H, H4’B + H2B), 1.42-
1.33 (m, H2’B), 1.41 (s, 3H, C1’-CH3), 1.34 (s, 6H, C1-CH3 + C5’-CH3), 1.16 (s, 3H, C1-
CH3), 1.06 (s, 3H, C1’-CH3) ppm. HRMS (ESI
-
): Calcd. for C39H50NaO7 ([M+Na
+
]), 
653.3449; found 653.3445. UV (MeO ): λmax 444 nm. 
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All-trans-(8R,6’R)-peridin-5,8-furanoxide (8R,6’R)-3. To a degassed solution of 
the C26-stannane 44 (0.009 g, 0.013 mmol) and C11-iodoallene 45 (0.007 g, 0.016 mmol) in 
DMF (0.40 mL) was added Pd(PPh3)4 (0.0015 g, 1.25x10
-3
 mmol). After stirring for 18 h at 
40 ºC the reaction mixture was diluted with a 90:10 EtOAc/CH2Cl2 mixture, filtered 
through a pad of silica and the solvent was evaporated. To a solution of the residue (0.014 
g) in THF (0.41 mL) at 0 ºC was added TBAF (0.05 mL, 1M in THF, 0.05 mmol) and the 
reaction mixture mixture was stirred for 1 h at 0 ºC. Following Kaburagi´s protocol,
37
 
CaCO3 (0.036 g), Amberlyst 15 (0.11 g) and MeOH (0.5 mL) were added and the mixture 
was stirred for 1 h at 25 ºC. The suspension was filtered through a pad of Celite®, washed 
with a 90:10 EtOAc/CH2Cl2 mixture and the solvent was evaporated. The residue was 
purified by HPLC (Waters Spherisorb® 5µm silica gel, 250 x 10 mm, 62.4:25:2.5:0.1 
hexane/CH2Cl2/i-PrOH/DIPEA, 1.5 mL/min) to afford 4.4 mg (55%) of all-trans-(8R,6’R)-
peridin-5,8-furanoxide (tR = 54 min) as a reddish solid. 
 
                                                 
37
 Kaburagi, Y.; Kishi, Y. Org. Lett. 2007, 9, 723. 





Table 1. Crystal data and structure refinement for (E)-2-bromo-3-ethoxy-N,N,N-
triethyl-3-oxoprop-1-en-1-ammonium bromide 12c. 
Identification code  ar1169s 
Empirical formula  C44 H86 Br8 N4 O9 
Formula weight  1454.45 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 12.9751(14) Å a= 90°. 
 b = 12.9162(14) Å b= 97.604(2)°. 
 c = 37.140(4) Å g = 90°. 
Volume 6169.6(12) Å3 
Z 4 
Density (calculated) 1.566 Mg/m3 
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Absorption coefficient 5.247 mm-1 
F(000) 2920 
Crystal size 0.48 x 0.46 x 0.19 mm3 
Theta range for data collection 1.61 to 28.03°. 
Index ranges -17<=h<=16, -16<=k<=12, -48<=l<=43 
Reflections collected 31459 
Independent reflections 13158 [R(int) = 0.0580] 
Completeness to theta = 25.00° 93.3 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.0000 and 0.4389 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13158 / 1 / 621 
Goodness-of-fit on F2 0.933 
Final R indices [I>2sigma(I)] R1 = 0.0549, wR2 = 0.0932 
R indices (all data) R1 = 0.1416, wR2 = 0.1126 
Largest diff. peak and hole 0.560 and -0.452 e.Å-3 
 
Table 2. Cartesian coordinates for (E)-2-bromo-3-ethoxy-N,N,N-triethyl-3-oxoprop-
1-en-1-ammonium bromide 12c. 
Number Label Xfrac + ESD Yfrac + ESD Zfrac + ESD Symm. op. 
1 Br1 0.03111(4) 0.39260(4) 0.252246(18) x,y,z 
2 N1 0.2657(3) 0.5641(3) 0.21099(13) x,y,z 
3 O11 0.0272(3) 0.4351(4) 0.15927(13) x,y,z 
4 O12 -0.0353(3) 0.5691(3) 0.18728(13) x,y,z 
5 C11 0.1955(4) 0.5008(4) 0.23007(15) x,y,z 
7 C12 0.0982(4) 0.4763(4) 0.21946(16) x,y,z 
8 C13 0.0289(4) 0.4907(5) 0.18482(19) x,y,z 
9 C14 -0.1115(6) 0.5941(7) 0.1555(2) x,y,z 
12 C15 -0.0777(9) 0.6725(8) 0.1355(3) x,y,z 
16 C111 0.2107(4) 0.6245(4) 0.17927(16) x,y,z 
19 C112 0.2801(5) 0.6956(5) 0.16021(19) x,y,z 
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23 C121 0.3484(4) 0.4910(4) 0.19939(17) x,y,z 
26 C122 0.3054(5) 0.4143(5) 0.1695(2) x,y,z 
30 C131 0.3243(4) 0.6370(4) 0.23917(16) x,y,z 
33 C132 0.2547(5) 0.7095(5) 0.25621(19) x,y,z 
37 Br2 0.96266(4) 0.77099(4) 0.248764(18) x,y,z 
38 N2 0.7201(3) 0.5924(3) 0.28261(12) x,y,z 
39 O21 0.9421(4) 0.7221(4) 0.34034(15) x,y,z 
40 O22 1.0208(3) 0.5968(4) 0.31334(12) x,y,z 
41 C21 0.7919(4) 0.6602(4) 0.26588(16) x,y,z 
43 C22 0.8881(4) 0.6871(4) 0.27852(16) x,y,z 
44 C23 0.9521(5) 0.6694(6) 0.3149(2) x,y,z 
45 C24 1.0835(7) 0.5752(8) 0.3488(2) x,y,z 
48 C25 1.1730(9) 0.5321(13) 0.3448(3) x,y,z 
52 C211 0.7744(4) 0.5256(4) 0.31299(16) x,y,z 
55 C212 0.7051(5) 0.4499(5) 0.32907(19) x,y,z 
59 C221 0.6339(4) 0.6598(5) 0.29457(18) x,y,z 
62 C222 0.6706(5) 0.7285(5) 0.32706(19) x,y,z 
66 C231 0.6660(4) 0.5255(4) 0.25206(16) x,y,z 
69 C232 0.7381(5) 0.4563(4) 0.23458(18) x,y,z 
73 Br3 -0.19281(4) 0.03824(4) -0.001955(17) x,y,z 
74 N3 0.0011(3) 0.2887(3) 0.03578(12) x,y,z 
75 O31 -0.1190(4) 0.0900(3) 0.09093(13) x,y,z 
76 O32 -0.0022(3) 0.0004(3) 0.06517(11) x,y,z 
77 C31 -0.0743(4) 0.2134(4) 0.01772(15) x,y,z 
79 C32 -0.0989(4) 0.1221(4) 0.02955(15) x,y,z 
80 C33 -0.0744(4) 0.0709(4) 0.06545(18) x,y,z 
81 C34 0.0266(6) -0.0558(6) 0.0996(2) x,y,z 
84 C35 0.1084(8) -0.1240(8) 0.0950(2) x,y,z 
88 C311 0.0614(4) 0.3313(4) 0.00610(16) x,y,z 
91 C312 0.1243(4) 0.2512(5) -0.01073(18) x,y,z 
95 C321 0.0739(4) 0.2421(4) 0.06652(17) x,y,z 
98 C322 0.1572(4) 0.3158(5) 0.08435(18) x,y,z 
102 C331 -0.0603(4) 0.3814(4) 0.04750(17) x,y,z 
105 C332 -0.1227(5) 0.3576(5) 0.07828(19) x,y,z 
109 Br4 0.68972(4) 0.53804(4) -0.004646(19) x,y,z 
110 N4 0.5271(3) 0.7844(3) 0.03695(13) x,y,z 
111 O41 0.6937(4) 0.5758(4) 0.08783(15) x,y,z 
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112 O42 0.5516(4) 0.4923(4) 0.06291(14) x,y,z 
113 C41 0.5858(4) 0.7095(4) 0.01790(16) x,y,z 
115 C42 0.6214(4) 0.6176(4) 0.02878(17) x,y,z 
116 C43 0.6254(5) 0.5606(5) 0.0633(2) x,y,z 
117 C44 0.5549(7) 0.4265(8) 0.0961(3) x,y,z 
120 C45A 0.5128(14) 0.4800(12) 0.1231(5) x,y,z 
124 C411 0.5978(4) 0.8772(4) 0.04794(17) x,y,z 
127 C412 0.6861(5) 0.8553(6) 0.07747(19) x,y,z 
131 C421 0.4405(4) 0.8257(4) 0.00893(17) x,y,z 
134 C422 0.3653(4) 0.7448(5) -0.0070(2) x,y,z 
138 C431 0.4840(4) 0.7394(5) 0.06944(17) x,y,z 
141 C432 0.4146(5) 0.8105(5) 0.08716(19) x,y,z 
145 Br5 0.18011(5) 0.59796(5) 0.05827(2) x,y,z 
146 Br6 0.41249(5) 0.41959(5) 0.301167(18) x,y,z 
147 Br7 0.35830(5) 0.10280(5) 0.053150(18) x,y,z 
148 Br8 0.58291(5) 0.74984(5) 0.19063(2) x,y,z 
149 O1WA 0.6111(10) 0.1174(10) 0.0900(4) x,y,z 
150 O1WB 0.086(2) 0.165(2) 0.1575(7) x,y,z 
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Table 3. Crystal data and structure refinement for (5Z,2’E)-3-Bromo-5-(4’-tert-
butyldiphenylsilyloxy-2’-methylbut-2’-enylidene)-5H-furan-2-one 19. 
Identification code  ar07401d 
Empirical formula  C25 H27 Br O3 Si 
Formula weight  483.47 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 20.747(3) Å a= 90°. 
 b = 13.3552(18) Å b= 90.634(3)°. 
 c = 8.6068(12) Å g = 90°. 
Volume 2384.6(6) Å3 
Z 4 
Density (calculated) 1.347 Mg/m3 
Absorption coefficient 1.797 mm-1 
F(000) 1000 
Crystal size 0.41 x 0.15 x 0.10 mm3 
Theta range for data collection 1.81 to 25.56°. 
Index ranges -25<=h<=25, -16<=k<=16, -10<=l<=10 
Reflections collected 18544 
Independent reflections 4447 [R(int) = 0.0665] 
Completeness to theta = 25.56° 99.4 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6501 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4447 / 0 / 275 
Goodness-of-fit on F2 0.996 
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Final R indices [I>2sigma(I)] R1 = 0.0398, wR2 = 0.0740 
R indices (all data) R1 = 0.1304, wR2 = 0.1055 
Largest diff. peak and hole 0.303 and -0.408 e.Å-3 
 
Table 4. Cartesian coordinates for (5Z,2’E)-3-Bromo-5-(4’-tert-
butyldiphenylsilyloxy-2’-methylbut-2’-enylidene)-5H-furan-2-one 19. 
Number Label Xfrac + ESD Yfrac + ESD Zfrac + ESD Symm. op. 
1 Br 0.40318(3) 0.07886(4) 0.08758(7) x,y,z 
2 Si 0.82327(6) 0.46884(9) 0.69785(14) x,y,z 
3 O1 0.55603(12) 0.06661(19) 0.3830(3) x,y,z 
4 O2 0.50418(14) -0.0663(2) 0.2796(4) x,y,z 
5 O3 0.77927(13) 0.3819(2) 0.6138(3) x,y,z 
6 C2 0.50889(19) 0.0226(3) 0.2920(5) x,y,z 
7 C3 0.47150(19) 0.1035(3) 0.2223(5) x,y,z 
8 C4 0.49561(19) 0.1905(3) 0.2705(5) x,y,z 
10 C5 0.54900(19) 0.1705(3) 0.3728(5) x,y,z 
11 C1' 0.58765(19) 0.2369(3) 0.4438(5) x,y,z 
13 C2' 0.64337(18) 0.2232(3) 0.5451(5) x,y,z 
14 C3' 0.67662(19) 0.3056(3) 0.5820(5) x,y,z 
16 C4' 0.7349(2) 0.3157(3) 0.6839(5) x,y,z 
19 C5' 0.6601(2) 0.1209(3) 0.6047(5) x,y,z 
23 C6 0.76937(19) 0.5505(3) 0.8161(5) x,y,z 
24 C7 0.7060(2) 0.5689(3) 0.7706(6) x,y,z 
26 C8 0.6658(2) 0.6281(4) 0.8550(7) x,y,z 
28 C9 0.6866(3) 0.6725(4) 0.9886(7) x,y,z 
30 C10 0.7488(3) 0.6571(4) 1.0368(6) x,y,z 
32 C11 0.7894(2) 0.5964(4) 0.9521(6) x,y,z 
34 C12 0.8837(2) 0.4121(3) 0.8348(5) x,y,z 
35 C13 0.8617(2) 0.3570(4) 0.9592(6) x,y,z 
37 C14 0.9026(3) 0.3119(4) 1.0645(6) x,y,z 
39 C15 0.9673(3) 0.3189(4) 1.0472(7) x,y,z 
41 C16 0.9907(3) 0.3708(5) 0.9260(8) x,y,z 
43 C17 0.9495(2) 0.4172(4) 0.8197(6) x,y,z 
45 C18 0.8592(2) 0.5377(4) 0.5287(6) x,y,z 
46 C19 0.8991(3) 0.6284(4) 0.5834(7) x,y,z 
First Stereoselective Total Synthesis of all-trans-(8R,6’R)-Peridinin-5,8-Furanoxide 
99 
50 C20 0.8028(3) 0.5774(4) 0.4268(6) x,y,z 
54 C21 0.9003(3) 0.4680(5) 0.4291(6) x,y,z 
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(E)-Ethyl 2,3-Dibromopropenoate 12b 
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Lactone dimer 24 
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(2E,4E)-Ethyl 5-(tri-n-butylstannyl)hexa-2,4-dienoate 40 
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(2E,4E)-Benzothiazolyl 5-(tri-n-butylstannyl)-hexa-2,4-dien-1-yl-thioether 42 
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3. Total Stereocontrolled Synthesis of 
Enantiopure Pyrrhoxanthin: 
Alternative Methods for the 








A new stereocontrolled total synthesis of the configurationally labile C37-
norcarotenoid pyrrhoxanthin in enantiopure form has been completed. A highly 
stereoselective Horner-Wadsworth-Emmons (HWE) condensation of a C17 
allylphosphonate and a C20 aldehyde was used as the last conjunctive step. Both the 
Sonogashira reaction to form the C17 phosphonate and the HWE condensation proved to be 
compatible with the labile C7-C10 E enyne configuration. The preparation of the γ-
alkylidenebutenolide fragment was based on the regioselective (5-exo-dig) silver promoted 
lactonizacion of three pent-2-en-4-ynoic acids precursors that differ in complexity, 
including a fully functionalized C20 fragment. This survey extends the existing 
methodologies for the preparation of xanthophylls and streamlines the synthesis of 
additional members of the norcarotenoid butenolide family of natural products. 
 




Algae are responsible for about 50% of the photosynthesis that takes place on 
Earth. Therefore, these organisms play an important role in levelling the continuously 
increasing excess of carbon dioxide in the atmosphere. The carotenoids present in the 
photosystems play an important dual role in the photosynthetic organisms because they act 
as antennae that transfer the Sun's energy to chlorophylls and thence to the photoreaction 
centers, and also protect the natural photosystems from damage caused by excess light 
conditions.
1
 Among the wide variety of carotenoids present in the marine organisms, the 
xanthophylls (oxygen-containig carotenoids) peridinin and fucoxanthin are the most 
abundant. Their exceptional electronic properties have been selected by evolution for light 




The structure of acetylenic C37-norcarotenoid pyrrhoxanthin 1
2
 is closely related to 
that of peridinin, since both share a shortened polyene chain with an atypical arrangement 
of methyl groups in comparison to parent C40-carotenoids.
3
 Isolated from microalgae and 
planktonic dinoflagellates,2 the structure of 1 was elucidated by Liaaen-Jensen and co-
workers in 1980.
4
 It features an all-trans polyene chain connected to 5,6-epoxy-3-
hydroxycyclohexane and 3-acetoxycyclohexene termini containing the stereogenic centers, 
a C7’-C8’ triple bond and an inserted butenolide unit spanning C9-C11. 
The first total synthesis
5
 of peridinin and pyrrhoxanthin became a milestone in the 
carotenoid field given the challenges posed by their structures. In particular, the butenolide 
ring present in both xanthophylls was assembled concomitantly with a double bond 
formation using the conjunctive Julia-type condensation of allylic sulfone 2 and aldehyde 
3. The hydroxysulfone intermediate underwent acyl substitution of the -methoxycarbonyl 
                                                 
1
 (a) Jahns, P.; Holzwarth, A. R. Biochim. Biophys. Acta (BBA) - Bioenergetics 2012, 1817, 182. (b) 
Lambrev, P. H.; Miloslavina, Y.; Jahns, P.; Holzwarth, A. R. Biochim. Biophys. Acta (BBA) - Bioenergetics 
2012, 1817, 760. 
2
 (a) Loeblich, A., III; Smith, V. E. Lipids 1968, 3, 5. (b) Johansen, J. E.; Svec, W. A.; Liaaen-Jensen, S.; 
Haxo, F. T. Phytochemistry 1974, 13, 2261. 
3
 (a) Britton, G.; Liaaen-Jensen, S.; Pfander, H., Eds. Carotenoids. Part 1A. Isolation and Analysis; 
Birkhäuser: Basel: 1995. (b) Britton, G.; Liaaen-Jensen, S.; Pfander, H., Eds. Carotenoids Handbook; 
Birkhäuser: Basel: 2004. 
4
 Johansen, J. E.; Borch, G.; Liaaen-Jensen, S. Phytochemistry 1980, 19, 441. 
5
 Yamano, Y.; Ito, M. J. Chem. Soc., Perkin Trans. 1 1993, 1599. 
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group, and sulfinic acid was eliminated to furnish the alkylidenebutenolide and provide the 
complete C37 norcarotenoid skeleton (Figure 3.1). However, this step suffered from low 
yield and poor stereocontrol. In addition, other double-bond forming condensations to 
access the highly functionalized C22 unit 2 and the formation of the oxirane ring in the C15 
fragment 3 produced varying amounts of isomers. Along the synthesis, the unusual 
instability of these all-trans enyne intermediates and the final pyrrhoxanthin was noted, 
since isomerisation to the 9’Z-isomer occurred easily.6 
 
 





 disconnection strategies. 
 
                                                 
6
 Ito, M.; Yamano, Y.; Sumiya, S.; Wada, A. Pure Appl. Chem. 1994, 66, 939. 
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A new total synthesis of enantiopure pyrrhoxanthin
7
 based on the assembly of four 
fragments of similar complexity within a C11 + C7 + C8 + C11 synthetic scheme was 
reported in 2008 (Figure 3.1). The functionalization of the building blocks enabled the 
application of three Stille cross-coupling reactions, the last two in sequence, to assemble 
the xanthophyll skeleton and form the configurationally unstable E enyne. However, the 
last Stille cross-coupling involving 4 took place in moderate yield and pyrrhoxanthin 1 
(38% yield) had to be separated from four stereoisomers (9% in total). This new synthetic 
route illustrates the unmatched potential of the metal-catalysed cross-coupling processes as 
efficient tools for the synthesis of complex polyenes. Not only the processes take place 
preferentially with retention of configuration, but difunctionalized substrates can react with 
positional selectivity and can be used for iterative cross-coupling sequences.
8
 For example, 
the non-symmetrical C8 dibromide 6 and the C7 bis-metallated lynchpins 5 reacted 
preferentially at the most electron-deficient and at the least hindered positions, 
respectively. 
We have reported an alternative stereocontrolled approach to pyrrhoxanthin
9
 based 
also on the generation of single bonds connecting Csp
2
 atoms through metal catalyzed 
cross-coupling reactions (Figure 3.2). Following this strategy, the consecutive Stille cross-
coupling reactions of a central C8 dihalogenated alkylidenebutenolide 9 with the 
appropriate C18 and C11 alkenylstannanes (8 and 10, respectively) completed the 
construction of the carbon skeleton of the acetylenic C37 norcarotenoid. Due to the 
different reactivity of bromides and iodides, a halogen-selective Stille reaction was 
possible in 9. All the stereochemical elements present in each of the fragments required for 
the total synthesis of the C37 norcarotenoid skeleton were prepared with complete 
stereocontrol. The C18 tetraenyne with Z geometry was obtained at this stage from the 
Julia-Kocienski condensation
10
 of unsaturated BT sulphone 12 and unsaturated aldehyde 
11
11
, but the polyene isomerized to the all-trans geometry upon subsequent Pd-catalyzed 
coupling/isomerization processes. However, the enyne moiety present in this complex 
                                                 
7
 Burghart, J.; Brückner, R. Angew. Chem. Int. Ed. 2008, 47, 7664. 
8
 (a) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130, 466. (b) Woerly, E. M.; 
Cherney, A. H.; Davis, E. K.; Burke, M. D. J. Am. Chem. Soc. 2010, 132, 6941. (c) Fujii, S.; Chang, S. Y.; 
Burke, M. D. Angew. Chem. Int. Ed. 2011, 50, 7862. 
9
 Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. J. Org. Chem. 2006, 71, 5914. 
10
 (a) Blakemore, P. R. J. Chem. Soc., Perkin Trans. 1 2002, 2563. (b) Aïssa, C. Eur. J. Org. Chem. 2009, 
1831. 
11
 (a) Sorg, A.; Brückner, R. Synlett 2005, 289. (b) Vaz, B.; Alvarez, R.; Souto, J. A.; de Lera, A. R. Synlett 
2005, 294. 
Total Stereocontrolled Synthesis of Enantiopure Pyrrhoxanthin 
138 
structure was prone to isomerization to the corresponding Z geometry during the Stille 









In order to overcome this limitation of the Julia-Stille-Stille route to acetylenic 
carotenoids,
9
 we devised a new stereoselective approach to all-trans-pyrrhoxanthin 1 that 
excluded palladium complexes in the termination step(s) after enyne formation. Instead, a 
connective reaction for formation of the C15=C15’ bond with high E stereocontrol was 
sought. The preservation of the sensitive natural E geometry of the enyne at C9'=C10', 
which is prone to isomerise, limits the choice of the chemistry that is suitable for this step. 
The previously used (Sylvestre) Julia olefination between unsaturated benzothiazolyl 
sulfones and aldehydes was ruled out due to the undesired stereochemical outcome 
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observed in the course of polyene synthesis.
11,12
 Alternatives based on Wittig-type 
reactions were also explored.
13
 Wittig reactions of aldehydes with the anions of 
functionalized triphenyl-
13
 and, more recently, tributylphosphonium halides,
14
 have been 
used for the stereoselective synthesis of different carotenoids. However, we were 
concerned by the reactivity of the oxirane present at one of the end-group partners during 
both the preparation of the phosphonium salt (acidic conditions), and the ylide formation 
steps (strong basic conditions),
15
 as both acids and bases could induce the ring expansion 
of the original 5,6-alkenyloxirane into the corresponding 5,8-dihydrofuran.
16
 Moreover, the 
olefination between semistabilized triphenylphosphonium ylides and appropriate imines
17
 
took place in our hands with random geometrical outcome. The high E selectivity usually 
obtained for formation of double bonds by HWE condensations led us to adapt this 
reaction to the synthesis of 1 using functionalized C17 phosphonate 15 and C20 aldehyde 
18. For the success of the synthetic plan, the Sonogashira reaction
18
 between the known 
terminal enyne 16
9
 and dienyliodide 17 to connect positions C8’ and C9’ should crucially 
proceed with preservation of the original double bond geometry of 17 (Figure 3.3). 
                                                 
12
 Furuichi, N.; Hara, H.; Osaki, T.; Mori, H.; Katsumura, S. Angew. Chem. Int. Ed. 2002, 41, 1023. 
13
 Britton, G.; Liaaen-Jensen, S.; Pfander, H., Eds. Synthesis; Birkhäuser, ed.: Basel: 1996; Vol. 2. 
14
 (a) Yamano, Y.; Ito, M. Org. Biomol. Chem. 2007, 5, 3207. (b) Yamano, Y.; Chary, M. V.; Wada, A. Org. 
Biomol. Chem. 2012, 10, 4103. 
15
 Brodmann, T.; Janssen, D.; Kalesse, M. J. Am. Chem. Soc. 2010, 132, 13610. 
16
 (a) Acemoglu, M.; Eugster, C. H. Helv. Chim. Acta 1984, 67, 471. (b) Haugan, J. A.; Englert, G.; 
Aakermann, T.; Glinz, E.; Liaaen-Jensen, S. Acta Chem. Scand. 1994, 48, 769. 
17
 Dong, D.-J.; Li, H.-H.; Tian, S.-K. J. Am. Chem. Soc. 2010, 132, 5018. 
18
 Chinchilla, R.; Nájera, C. Chem. Rev. 2007, 107, 874. 
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3.2. Results and Discussion 
 
A number of synthetic routes to the central γ-alkylidenebutenolide19 lynchpin of the 
carotenoid butenolides have been reported.
20
 For example, the C8 fragment 9 was 
generated by the syn-selective vinologous (extended) Mukaiyama aldol reaction of 3-
bromo-2-trimethylsilyloxyfuran and (E)-3-iodo-2-methacrolein
20b,e
 followed by β-
dehydration with PPh3/DEAD in the dark. Fragment 6 used in pyrrhoxanthin synthesis was 
obtained from tartrate using as last steps the Ando's modification of the HWE reaction and 
lactone formation.
21
 We envisioned the construction of the central butenolide fragment of 
18 by the silver promoted lactonizacion of pent-2-en-4-ynoic acids.
22
 The regioselectivity 
of the cyclization is known to depend upon subtle electronic effects, but can be controlled 
by the choice of reagents: a Lewis acid such as ZnBr2 favors pyranone formation via 6-
endo-dig addition to the polarized double bond, whereas an alkynophilic transition metal 
(Ag2CO3) afford the regioisomeric furanone by 5-exo-dig cyclization (Figure 3.3). In order 
to further expand the use of butyrolactones in synthesis, three alternative substrates with 
increasingly complex pent-2-en-4-ynoic acid functionalities were explored. The substrates 
19, 21 and 23 would in turn be made following stereocontrolled synthetic routes starting 
from doubly functionalized molecules 20, 22 and 24, respectively (Figure 3.3). In the first 
approach, which follows our recent work on the total synthesis of the closely related C37 
norcarotenoid all-trans-(8R,6’R)-peridinin-5,8-furanoxide,23 the butenolide core was 
constructed from the dienyne substrate 19 obtained via selective Pd-catalyzed Sonogashira 
reaction of C3-dihaloacrylate 20 and a suitable alkyne. The second halide in the molecule 
allows the incorporation of additional fragments through Pd-catalyzed cross-coupling 
reactions. In the second approach the enyne precursor of appropriate geometry 21 would be 
obtained by the cis-selective Still-Gennari olefination
24
 between 
bis(trifluoroethyl)bromomethylphosphonate and propargylic aldehyde 22. Likewise, the 
bromide would enable further functionalization of the carotenoid terminal group via Stille 
                                                 
19
 Brückner, R. Curr. Org. Chem. 2001, 5, 679. 
20
 (a) Görth, F. C.; Brückner, R. Synthesis 1999, 1520. (b) von der Ohe, F.; Brückner, R. New J. Chem. 2000, 
24, 659. (c) Sorg, A.; Siegel, K.; Brückner, R. Synlett 2004, 2004, 321. (d) Olpp, T.; Brückner, R. Angew. 
Chem. Int. Ed. 2005, 44, 1553. (e) Vaz, B.; Alvarez, R.; Brückner, R.; de Lera, A. R. Org. Lett. 2005, 7, 545. 
21
 Olpp, T.; Brückner, R. Angew. Chem. Int. Ed. 2006, 45, 4023. 
22
 Anastasia, L.; Xu, C.; Negishi, E.-i. Tetrahedron Lett. 2002, 43, 5673. 
23
 Otero, L.; Vaz, B.; Alvarez, R.; de Lera, A. R. submitted 2013. 
24
 Still, W. C.; Gennari, C. Tetrahedron Lett. 1983, 24, 4405. 
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reaction. In the third strategy the fully-functionalized trienyne 23 would be acquired from 
the geometrically defined -trimethylsilyl -boron acrylate 24 by consecutive Suzuki 
cross-coupling reaction, silane-iodine exchange and Sonogashira reaction. The synthesis of 
this stereodefined bis-metallated reagent makes use of the catalyzed chemo- and 
stereoselective 1,2 addition of CuH to acetylenic esters and subsequent in situ copper-to-
boron transmetalation with pinacolborane.
25
 
The dienyne 19 required for the synthesis of the butenolide was prepared by the 
regioselective Sonogashira cross-coupling reaction of enyne 25 and ethyl (E)-2,3-







 (Scheme 3.1). Subsequent hydrolysis of the geometrically labile ester 26 under 
basic conditions and immediate silver-promoted cyclization of 19 provided the brominated 
γ-alkylidenebutenolide intermediate 27. Upon Stille reaction with the readily available 
vinyl stannane 7
9,20e,27
 under the conditions developed by Fürstner et al. for highly 
sensitive coupling partners,
28
 namely Pd(PPh3)4 and CuTC catalysis in the presence of 
Liebeskind' phosphinite [(NBu4)(Ph2PO2)], the expected product 28 was obtained 
exclusively as the all-trans isomer. The final deprotection of the primary alcohol turned 
problematic, due to the incompatibility of the labile oxirane ring with the typical TBAF-
based deprotection conditions, probably due to traces of tetrabutylammonium hydroxide 
present in the commercial reagent. As an alternative, the use of TAS-F (an easy to dry 
hypervalent silicon reagent and source of highly nucleophilic fluoride ions suitable for the 
deprotection of base- or acid-sensitive silyl ethers)
29
 provided the expected allyl alcohol 29 




                                                 
25
  ipshutz, B.  .; Bošković, Ž.  .; Aue, D.  . Angew. Chem. Int. Ed. 2008, 47, 10183. 
26
 Bellina, F.; Carpita, A.; Santis, M. D.; Rossi, R. Tetrahedron Lett. 1994, 35, 6913. 
27
 Vaz, B.; Domínguez, M.; Alvarez, R.; de Lera, A. R. Chem. Eur. J. 2007, 13, 1273. 
28
 Fürstner, A.; Funel, J.-A.; Tremblay, M.; Bouchez, L. C.; Nevado, C.; Waser, M.; Ackerstaff, J.; Stimson, 
C. C. Chem. Commun. 2008, 2873. 
29
 Scheidt, K. A.; Chen, H.; Follows, B. C.; Chemler, S. R.; Coffey, D. S.; Roush, W. R. J. Org. Chem. 1998, 
63, 6436. 
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, CH2Cl2, 15 h, 25 ºC, 75%. 
(b) PdCl2(PPh3)2, CuI, 4:1 THF/Et3N, 4 h, 25 ºC, 87%. (c) LiOH·H2O, THF/H2O, 6 h, 25 
ºC. (d) Ag2CO3, THF, 6h, 25 ºC (75% two steps). (e) TAS-F, CH3CN, 6 h, 0 ºC, 47%. 
 
The second approach based on the Still-Gennari
24
 variant of the HWE olefination 
required the preparation of the silyl-protected propargylic aldehyde 22 for reaction with 
bis(trifluoroethyl)bromomethylphosphonate 31 (Scheme 3.2). Conversion of TIPS-
protected acetylene 30 to the propargylic aldehyde 22 involved the treatment with n-BuLi, 
trapping the organolithium species with paraformaldehyde and subsequent oxidation of the 
alcohol 31 with PCC/silica gel. Still-Gennari reaction of 22 with 32 in the presence of 18-
crown-6 for the effective trapping of K
+
 provided the brominated Z enyne 33 with 
excellent selectivity in good yield (86%). Saponification of 33 afforded carboxylic acid 21. 
The lactonization to the γ-alkylidenebutenolide 34 catalyzed by silver nitrate required 
heating 21 to 40 ºC for 23 h. For the final Stille coupling between bromolactone 34 and 
vinylstannane 7 the optimized conditions previously described
9,20e,27
 for the synthesis of 
peridinin and related carotenoids [Pd2(dba)3·CHCl3, (NBu4)(Ph2PO2), 1:1 THF/DMF, 60 
ºC] afforded coupling product 35 in an acceptable yield only after extended reaction times 
Total Stereocontrolled Synthesis of Enantiopure Pyrrhoxanthin 
144 
(14h), which could be substantially shortened (to 1 h) using the rate acceleration provided 
by copper salts and the phosphinite tin scavenger integrated in Fürstner's protocol.
28
 
The proposed iododesilylation of 35 prior to the final Stille reaction faced problems 
likely due to the presence of unprotected hydroxyl group, which competes with the silane 
in reactions with electrophilic halogenation agents. Most standard reaction conditions were 
unsuccessful: ICl in CH2Cl2 at 0 ºC provided only degradation products, NIS in CH3CN 
returned 35, NIS in ClCH2CN yielded a complex mixture of products, whereas I2 in 
CH2Cl2 and IPy2BF4 in CH3CN also failed to induce the exchange. Recently, Zakarian et 
al.
30
 have demonstrated the beneficial effect of hexafluoroisopropanol (HFIP) on 
accelerating the rate of stereoselective iododesilylations of a variety of vinylsilanes. This 
solvent has also found utility in the cleavage of alkene-TIPS bonds assisted by Ag2CO3.
31
 
Thus, treatment of vinylsilane 35 with NIS, 2,6-lutidine and Ag2CO3 in HFIP at room 
temperature gave rise to the iodide 36 with retention of the double-bond configuration. 
Final Stille coupling of 36 with vinyl stannane 37
9, 20e, 27
 proceeded smoothly to afford the 
expected C20 fragment 29 in good yield. 
                                                 
30
 Ilardi, E. A.; Stivala, C. E.; Zakarian, A. Org. Lett. 2008, 10, 1727. 
31
 Sidera, M.; Costa, A. M.; Vilarrasa, J. Org. Lett. 2011, 13, 4934. 
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Scheme 3.2. Reagents and reaction conditions: (a) nBuLi, HCHO, 15 h, -78 to 25 ºC, THF, 95%. 
(b) PCC/silica gel, CH2Cl2, 6 h, 25 ºC, 92%. (c) KHMDS, 18-c-6, THF, 1.5 h, -78 ºC, 86%. (d) i. 
1M LiOH, THF 6 h, 25 ºC. ii. AgNO3, MeOH, 41 h, 40 ºC, 68% (2 steps). (e) Pd(PPh3)4, CuTC, 
[(NBu4)(Ph 2PO2)], DMF, 25 ºC, 1 h, 60%. (f) NIS, 2,6-lutidine, Ag2CO3, HFIP, 88%.  
 
The third synthetic approach to the γ-alkylidenebutenolide core relies on Lipshutz's 
methodology for the stereoselective preparation of Z-configured vinylboronates bearing an 
activating alkoxycarbonyl substituent at the α-position (Scheme 3.3).25 Applying this 
protocol, Z-pinacol boronate 24 was obtained as a single isomer from TMS-protected ethyl 
propiolate in fairly good yield. The boronate was then subjected to Suzuki coupling with 
alkenyliodide 38a,
9, 20e, 27
 using thallium hydroxide accelerated conditions [Pd(PPh3)4, 10% 
TlOH, THF, rt]. However, we experienced problems of reproducibility, and recovered 
unreacted starting vinyliodide in most cases. The lack of reactivity of the boronate, 
probably due to the electron-withdrawing effect of the geminal ester moiety, prompted us 
to use the copper-promoted Suzuki variant
32
 recommended for electron-deficient 
boronates. The rate acceleration is likely a consequence of the transmetalation of boron to 
                                                 
32
 Deng, J. Z.; Paone, D. V.; Ginnetti, A. T.; Kurihara, H.; Dreher, S. D.; Weissman, S. A.; Stauffer, S. R.; 
Burgey, C. S. Org. Lett. 2008, 11, 345. 
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copper, which prevents the competing protiodeboronation. Using Pd(OAc)2, dppf as 
ligand, CuI as additive and Cs2CO3 in DMF the desired product 39a was isolated in good 
yield (64%) together with small amounts of dimer 40. The iododesilylation of the 
vinylsilane with a free hydroxyl group at C3 proceeded smoothly under Zakarian 




 of 41a with unprotected (E)-enynol 14 
furnished 42a in good yield (70%), accompanied by small quantities of the alkyne 
homodimer. The hydrolysis of the ester in substrate 42a with an unprotected hydroxyl 
group at C3 faced unanticipated problems. Treatment with aqueous LiOH in THF led to 
either no reaction at 25 ºC or degradation at higher temperatures (80 ºC), probably due to 
side reactions involving the secondary alcohol. Alternative conditions were explored [2M 
KOH, MeOH, 80 ºC, 1.5 h (degradation); KOSiMe3, THF, 45 ºC, 3.5 h (degradation);
33
 
Me3SnOH, 1,2-dichloroethane, 80 ºC, 4 h (no reaction);
34
 Ba(OH)2, MeOH, 25 ºC (partial 
degradation);
35
 2M Na2CO3, MeOH, 70 ºC, 3.5 h (degradation)] but unfortunately either 
complete or partial degradation of the starting ester occurred during the reaction. 
Due to this shortcoming, the incorporation of a silyl ether-protecting group was 
performed earlier in the synthesis. Thus, copper-accelerated Suzuki reaction
32
 of 24 with 
the TBDMS-protected vinyl iodide 38b provided coupling product 39b in good yield. 
Upon iododesilylation, the vinyl iodide obtained 41b was successfully coupled to enynol 
14 upon treatment with Pd(PPh3)4, CuI and iPr2NH in a carefully degassed solution. 
Saponification of 42b was successful in this case using KOH in MeOH at 70 ºC for 30 
min, and the configurationally labile carboxylic acid 23 was immediately subjected to 
lactonization promoted by AgNO3 in MeO , affording the fully functionalized γ-
alkylidenebutenolide 43. This oxacyclization is reminiscent of the Pd-promoted butenolide 
formation developed by Katsumura for the synthesis of peridinin.
12
 Taking into account the 
presence of the sensitive oxacyclopropane in 43, silyl ether deprotection was first 
attempted using TAS-F as source of fluoride anion, but slow degradation of the starting 
product was observed. Successful deprotection to 29 (74% yield) was achieved upon 
treating the silyl ether 43 with a solution of formic acid in THF/H2O at 0 ºC for 6 h.
36
 
                                                 
33
 Gao, X.; Hall, D. G. J. Am. Chem. Soc. 2005, 127, 1628. 
34
 Nicolaou, K. C.; Estrada, A. A.; Zak, M.; Lee, S. H.; Safina, B. S. Angew. Chem. Int. Ed. 2005, 44, 1378. 
35
 Furuichi, N.; Hara, H.; Osaki, T.; Nakano, M.; Mori, H.; Katsumura, S. J. Org. Chem. 2004, 69, 7949. 
36
 Kende, A. S.; Liu, K.; Kaldor, I.; Dorey, G.; Koch, K. J. Am. Chem. Soc. 1995, 117, 8258. 
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Scheme 3.3. Reagents and reaction conditions: (a) Pd(OAc)2, dppf, CuI, Cs2CO3, DMF, 8 h, 0 to 
25 ºC; 39a, 64%; 39b, 60%. (b) NIS, 2,6-lutidine, (CF3)2CHOH, 5 h, 0 ºC; 40a, 92%; 40b, 81%. (c) 
Pd(PPh3)4, CuI, iPr2NH, 1.8 h, 25 ºC; 41a, 82%; 41b, 77%. (d) KOH, MeOH, 30 min, 70 ºC, 87%. 
(e) AgNO3, MeOH, 1 h, 25 ºC, quant. (f) HCOOH, THF, H2O, 6 h, 0 ºC, 74%. 
 
The synthesis of the C17-phosphonate counterpart for the final HWE reaction 
started with the preparation of alkenyliodide 45. Stereoretentive Sn/I exchange of the 
known C6-stannane 44 was induced by NIS in CH3CN at 0 ºC. The classical method for the 
transformation of the allylic alcohol into the corresponding phosphonate through the labile 
chloride intermediate followed by Arbuzov reaction with neat trimethyl phosphite and NaI 
provided the expected product 17b although in low yield. Alternatively, the direct 
transformation induced by treatment of the alcohol with ZnI2 and triethyl phosphite
37
 gave 
rise to phosphonate 17a in good yield. The Sonogashira reaction with enyne 16 using 
Pd(PPh3)4 as catalyst in the presence of CuI and Et3N afforded the coupled product 15 
(56%). The stereostructure of 15 was established through analysis of NOE correlations 
                                                 
37
 Barney, R. J.; Richardson, R. M.; Wiemer, D. F. J. Org. Chem. 2011, 76, 2875. 
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(Scheme 3.4), which confirmed the 9’E configuration as well as the trans geometry of the 
remaining double bond. 
 
 
Scheme 3.4. Reagents and reaction conditions: (a) NIS, CH3CN, 1 h, 0 ºC, 94%. (b) ZnI2, 
P(OEt)3,THF, 15 h, 85 ºC, 70%. (c) i. MsCl, DMAP, CH2Cl2, 17 h, 25 ºC. ii. P(OMe)3, NaI, 6 h, 70 
ºC, 42% (2 steps). (d) Pd(PPh3)4, CuI, Et3N, THF, 24 h, 25 ºC, 56%. (e) MnO2, Na2CO3, CH2Cl2, 
25 min, 0 ºC, 95%. (f) NaHMDS, THF, -78 ºC. 
 
To complete the carotenoid skeleton alcohol 29 was first oxidized to 18 (95% yield) 
with MnO2 in slightly basic media (Na2CO3) to prevent undesired E/Z isomerization. The 
all-trans geometry of 18 was secured by 
1
H-NMR spectroscopic analysis of coupling 
constants and NOESY-1d enhancements. The critical HWE reaction involved the in situ 
formation of the phosphonate-stabilized carbanion derived from 15 (NaHMDS, THF, -78 
ºC, 10 min) and addition of aldehyde 18. The olefination proceeded smoothly to afford 
stereoselectively the all-trans isomer of pyrrhoxanthin 1 in good yield. In order to simplify 
the purification process, the work-up included the addition of p-anisaldehyde to quench the 
slight excess of phosphonate carbanion present in the reaction mixture. The configuration 
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of the isolated norcarotenoid was established through rigorous analysis of the 
1
H-NMR 







Enantiopure C37 norcarotenoid pyrrhoxanthin has been prepared by a last step 
stereoselective HWE condensation of C17 phosphonate 15 and C20 aldehyde counterpart 18. 
Highlights of the synthetic route are the silver promoted lactonization of a pentenynoic 
acid to regioselective produce furanones, and the Sonogashira reaction of C6-
difunctionalized phosphonate 17a and enyne 16. Importantly, the sensitive all-trans 
geometry of the oligoene was obtained with high stereocontrol and could be preserved in 
the final HWE condensation. Three different approaches to the stereoselective preparation 
of the γ-alkylidenbutenolide fragment were explored using functionalized vinylogous 
substrates with enyne, dienyne and trienyne substructures. In all cases the cyclization took 
place in high yields, indicating that the procedure is robust and independent of the 




3.4. Experimental Section 
 
General. Solvents were dried according to published methods and distilled before 
use. All other reagents were commercial compounds of the highest purity available. All 
reactions were carried out under an argon atmosphere and those not involving aqueous 
reagents were carried out in oven-dried glassware. All solvents and anhydrous solutions 
were transferred through syringes and cannulae previously dried in the oven for at least 12 
h and kept in a dessicator with KOH. THF, CH2Cl2, CH3CN, MeOH, Et2O and DMF were 
dried using a Puresolv
TM
 solvent purification system. Et3N, acetone, iPr2NH, DIPEA and 
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pyridine were dried by distillation with CaH2. Distillations were carried out in a Büchi 
GKR-50 Kügelrohr and in that case the boiling points indicate the external temperature. 
For fractional distillations a microstill was used with an internal thermometer in the 
distillation head. The n-BuLi concentration was determined by titration in triplicate with 
diphenylacetic acid in THF. For reactions at low temperature, ice-water or CO2/acetone 
systems were used. For different temperatures, a HaaKe EK90 Immersion Cooler (-90 ºC 
to -15 ºC) was used. Analytical TLC was performed on aluminium plates with Merck 
Kieselgel 60F254 and visualized by UV irradiation (254 nm) or by staining with a solution 
of phosphomolibdic acid or anisaldehyde. Flash column chromatography was carried out 
using Merck Kieselgel 60 (230-400 mesh) or Merck Preparative C18 (125Å, 55-105 µm) 
under pressure. Alternatively, a Biotage Horizon
TM
 and an AnaLogix Intelliflash 310 
HPFC Flash collector system were used. Melting points were measured in a Stuart 
Scientific apparatus. UV/VIS spectra were recorded with a Cary 100 Bio 
spectrophotometer in MeOH. IR spectra were obtained with a JASCO FTIR 4200 
spectrophotometer, from a thin film deposited onto NaCl glass or with an ATR-module 
(Attenuated Total Reflectance). Specific rotations were measured on a JASCO P-1020 
polarimeter with a Na lamp. HPLC (High Performance Liquid Chromatography) was 
performed using a Waters instrument using a dual wave detector. EI-MS were recorded 
with a GC-TOF instrument (Waters Micromass). HRMS (ESI
+
) were measured with an 
Apex III FT ICR mass spectrometer (Bruker Daltonics). 
1
H-NMR spectra were recorded in 
CDCl3, C6D6, and (CD3)2CO at ambient temperature with a Bruker AMX-400 spectrometer 
operating at 400.16 MHz with residual protic solvent as the internal reference [CDCl3, δ = 
7.26 ppm; C6D6, δ = 7.16 ppm; (CD3)2CO, δ = 2.05 ppm]; chemical shifts (δ) are given in 
parts per million (ppm) and coupling constants (J) are given in Hertz (Hz). The proton 
spectra are reported as follows: δ (multiplicity, coupling constant J, number of protons). 
13
C-NMR spectra were recorded in CDCl3, C6D6, and (CD3)2CO at ambient temperature 
with the same spectrometer operating at 101.62 MHz with the central peak of CDCl3 (δC = 
77.2 ppm), C6D6 (δC = 128.0 ppm), and (CD3)2CO (δC = 29.84 ppm) as the internal 
reference. A DEPT-135 pulse sequence was used to aid in the assignment of signals in the 
13
C-NMR spectra. Crystallographic data were collected on a Bruker Smart 1000 CCD 
diffractometer at 20 ºC using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å), 
and were corrected for Lorentz and polarisation effects.  
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C20-Alcohol 29. To a cooled (0 ºC) solution of C20-tert-butyldimethylsilyloxy-
lactone 28 (0.014 g, 0.024 mmol) in CH3CN (1.5 mL) was added TAS-F (0.05 mL, 1M in 
DMF, 0.05 mmol). After stirring for 6 h at 0 ºC the reaction mixture was neutralized with a 
pH 7 phosphate buffer and then extracted with CH2Cl2 (3x). The combined organics layers 
were dried (Na2SO4) and the solvent was evaporated. The residue was purified by column 
chromatography (silica gel, from 95:5 to 90:10 CH2Cl2/MeOH) to afford 0.004 g (47%) of 
a yellow solid identified as C20-alcohol 29. 
 
3-(Triisopropylsilyl)prop-2-yn-1-ol 31. To a solution of ethynyltriisopropylsilane 
30 (1.0 mL, 4.46 mmol) in THF (5.4 mL) was added n-BuLi (7.3 mL, 1.49 M in hexane, 
4.91 mmol) at -20 °C. After stirring for 30 min the reaction was cooled down to -78 ºC and 
a suspension of HCHO (0.2 g, 6.69 mmol) in THF (6.7 mL) was added. After stirring for 
15 h at 25 ºC, brine was added and the mixture was extracted with ether (3x). The 
combined organic layers were dried (Na2SO4) and the solvent was evaporated. The residue 
was purified by column chromatography (silica gel, 85:15 hexane/EtOAc) to afford 0.90 g 
(95%) of a yellow pale oil identified as 3-(triisopropylsilyl)prop-2-yn-1-ol 31. 
1
H-NMR 
(400.13 MHz, CDCl3): δ 4.29 (s, 2H, 2H1), 1.06 (s, 21H, 6xCH3 + 3xCH) ppm. 
13
C-NMR 
(101.16 MHz, CDCl3): δ 105.8 (s), 87.0 (s), 51.9 (t), 18.7 (q, 6x), 11.3 (d, 3x) ppm. MS 
(ESI
+
): m/z 235 ([M+Na]
+
, 57), 213 ([M+H]
+
,100), 198 (77). HRMS (ESI
+
): Calcd. for 
C12H25OSi ([M+H]
 +
), 213.1669; found 213.1677. IR (NaCl):  3500-3000 (br, O-H), 2957 





3-(Triisopropylsilyl)propiolaldehyde 22. To a cooled (0 ºC) 1:1 mixture of PCC 
and silica gel (1.12 g, 5.22 mmol) in CH2Cl2 (3.0 mL) was added a solution of 3-
(triisopropylsilyl)prop-2-yn-1-ol 31 (0.68 g) in CH2Cl2 (6.5 mL). After stirring for 6 h at 
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25 ºC, the reaction was filtered through a pad of silica gel (CH2Cl2) to afford 0.62 g (92%) 
of a yellow pale oil identified as 3-(triisopropylsilyl)propiolaldehyde 22, which was used 
without further purification. 
1
H-NMR (400.13 MHz, CDCl3): δ 9.20 (s, 1H, H1), 1.14-1.06 
(m, 21H, 6 x CH3 + 3 x CH) ppm. 
13
C-NMR (101.16 MHz, CDCl3): δ 176.8 (d), 104.6 (s), 
101.0 (s), 18.6 (q, 6x), 11.1 (d, 3x) ppm. MS (ESI
+
): m/z 233 ([M+Na]
+





): Calcd. for C12H23OSi ([M+H]
+
), 211.1513; found 
211.1512. IR (NaCl):  2946 (s, C-H), 2973 (m, C-H), 2868 (s, C- ), 2149 (w, C≡C), 




Ethyl (E)-2-Bromo-5-(triisopropylsilyl)pent-2-en-4-ynoate 33. To a solution of 
phosphonate 32 (1.3 g, 3.2 mmol) in THF (8.0 mL) was added 18-crown-6 (0.92 g, 3.48 
mmol) in a 1:1 THF/CH3CN solvent mixture (16.0 mL). The resulting solution was cooled 
down to -78 ºC and KHMDS (6.1 mL, 0.5 M in toluene, 3.04 mmol) was added. After 
stirring for 30 min at -78 ºC, a solution of 3-(triisopropylsilyl)propiolaldehyde 22 (0.6 g, 
2.9 mmol) in THF (1.6 mL) was added and stirring was maintained for 1 h at -78 ºC. A 
saturated aqueous solution of NH4Cl was added and the mixture was extracted with EtOAc 
(3x). The combined organic layers were dried (Na2SO4) and the solvent was evaporated. 
The residue was purified by column chromatography (silica gel, 97:3 hexane/Et3N) to 
afford 0.9 g (86%) of a yellow oil identified as ethyl (E)-2-bromo-5-(triisopropylsilyl)pent-
2-en-4-ynoate 22. 
1
H-NMR (400.13 MHz, C6D6): δ 6.23 (s, 1H, H3), 3.91 (q, J = 7.1 Hz, 
2H), 1.13 (s, 21H, 6 x CH3 + 3 x CH), 0.89 (t, J = 7.1 Hz, 3H) ppm. 
13
C-NMR (101.16 
MHz, C6D6): δ 161.2 (s), 125.0 (s), 123.1 (d), 104.4 (s), 102.7 (s), 62.3 (t), 18.8 (q, 6x), 
14.0 (d, 3x), 11.6 (q) ppm. MS (ESI
+

















, 45). HRMS (ESI
+










), 359.1037; found, 359.1027. IR (NaCl):  2944 (s, C-H), 2893 (m, C-H), 2866 
(s, C-H), 1727 (s, C=O), 1215 (s) cm
-1
. 
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(Z)-3-Bromo-1’-(triisopropylsilylmethylene)-5H-furan-2-one 34. To a solution 
of ethyl (E)-2-bromo-5-(triisopropylsilyl)pent-2-en-4-ynoate 33 (0.90 g, 2.5 mmol) in THF 
(23.6 mL) was added LiOH (7.5 mL, 1M in H2O, 7.5 mmol). After stirring for 6 h at 25 ºC, 
EtOAc was added, the mixture was cooled down to 0 ºC, neutralized with a 10% aqueous 
solution of citric acid and then extracted with EtOAc (3x). The combined organic layers 
were washed with H2O (2x) and brine (3x) and then dried (Na2SO4). The solvent was 
evaporated to afford (E)-2-bromo-1’-(triisopropylsilyl)pent-2-en-4-ynoic acid 21, which 
was used without further purification. 
To a solution of this residue (0.83 g, 2.65 mmol) in MeOH (39.8 mL) was added 
AgNO3 (0.76 g, 4.51 mmol) and the reaction mixture was stirred for 41 h at 40 °C. The 
resulting mixture was filtered through a pad of Celite® washing with EtOAc and the 
solvent was evaporated. The residue was purified by column chromatography (silica gel, 
80:20 hexane/EtOAc) to afford 0.54 g (68%) of a pale yellow oil identified as (Z)-3-
bromo-1’-(triisopropylsilylmethylene)-5H-furan-2-one 34. 1H-NMR (400.13 MHz, 
CDCl3): δ 7.40 (s, 1H, H4), 5.35 (s, 1H, H1’), 1.36-1.21 (m, 3H, 3 x CH), 1.07 (d, J = 7.4 
Hz, 18H, 6 x CH3) ppm. 
13
C-NMR (101.16 MHz, CDCl3): δ 166.1 (s), 157.8 (s), 141.9 (d), 
114.8 (s), 113.2 (d), 18.8 (q, 6x), 11.6 (d, 3x) ppm. HRMS (ESI
+










); found, 331.0718. IR (NaCl):  2943 (s, C-H), 2890 (m, C-H), 2866 
(s, C-H), 1782 (s, C=O), 1624 (m), 1463 (m) cm
-1
. UV (MeO ): λmax 291 nm. 
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C16-Silane 35. A degassed solution of stannane 7 (0.065 g, 0.137 mmol) and (Z)-3-
bromo-1’-(triisopropylsilylmethylene)-5H-furan-2-one 34 (0.047 g, 0.143 mmol) in DMF 
(1.5 mL) was transferred to a flask containing flame-dried [NBu4][Ph2PO2] (0.069 g, 0.15 
mmol). CuTc (0.04 g, 0.21 mmol) was added followed by Pd(PPh3)4 (0.016, 0.014 mmol) 
and the reaction was stirred for 1.2 h at 25 ºC. The mixture was filtered through a pad of 
Celite® washing with EtOAc. The combined organic layers were washed with water (3x), 
dried (Na2SO4) and the solvent was evaporated. The residue was purified by flash 
chromatography (silica gel, from 80:20 to 70:30 hexane/EtOAc) to afford 0.036 g (60%) of 
a pale yellow solid identified as C16-silane 35. m. p.: 102-105 ºC (hexane). [α]D
24
 -83.3 (c 
1.0, MeOH). 
1
H-NMR (400.13 MHz, CDCl3): δ 7.53 (d, J = 15.6 Hz, 1H, H7), 6.48 (d, J = 
15.6 Hz, 1H, H8), 6.07 (s, 1H, H10), 4.86 (s, 1H, H12), 3.8-3.7 (m, 1H, H3), 2.20 (dd, J = 
14.3, 5.0 Hz, 1H), 1.47-1.39 (m, 2H), 1.29-1.20 (m, 3H, 3 x CH), 1.18-1.00 (m, 27H, 9 x 
CH3) ppm. 
13
C-NMR (101.16 MHz, CDCl3): δ 168.9 (s), 159.5 (s), 136.5 (d), 135.8 (d), 
128.6 (s), 122.0 (d), 109.4 (d), 70.4 (s), 67.5 (s), 63.9 (d), 47.3 (t), 41.2 (t), 35.3 (s), 29.5 
(q), 25.3 (q), 20.0 (q), 19.0 (q, 6x), 11.9 (d, 3x) ppm. HRMS (ESI
+
): Calcd. for C25H41O4 
([M+H]
+
), 433.2769; found 433.2759. IR (NaCl):  3600-3100 (br, OH), 2941 (s, C-H), 
2866 (m, C-H), 1768 (s, C=O), 1618 (m), 1049 (m) cm
-1




C16-Iodide 35. To a cooled (0 ºC) solution of C16-silane 35 (0.035 g, 0.083 mmol) 
in HFIP (0.41 mL) was added AgCO3 (0.029 g, 0.107 mmol) and NIS (0.022 g, 0.099 
mmol). After stirring 5 h at 25 ºC, water was added and the reaction mixture was extracted 
with EtOAc (3x), dried (Na2SO4) and the solvent was evaporated. The residue was purified 
by column chromatography (MPLC, silica gel, from 5:95 to 10:90 hexane/EtOAc) to 
afford 0.016 g (88%) of the desired compound as a pale yellow oil. 
1
H-NMR (400.13 
MHz, C6D6): δ 7.46 (d, J = 15.6 Hz, 1H, H7), 6.27 (d, J = 15.6 Hz, 1H, H8), 5.67 (s, 1H, 
H10), 5.18 (s, 1H, H12), 3.83-3.71 (m, 1H, H3), 2.20 (app. ddd, J = 14.3, 5.0, 1.7 Hz, 1H, 
H4A), 1.48-1.39 (m, 2H, H4B + H2A), 1.09-1.06 (m, 1H, H2B), 1.07 (s, 3H, C1-CH3), 1.03 (s, 
3H, C1-CH3), 1.02 (s, 3H, C5-CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 167.2 (s), 
155.9 (s), 136.8 (d), 132.6 (d), 128.6 (s), 121.7 (d), 70.5 (s), 67.5 (s), 63.8 (d), 61.6 (d), 
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47.2 (t), 41.1 (t), 35.2 (s), 29.4 (q), 25.3 (q), 19.8 (q) ppm. HRMS (ESI
+
): Calcd. for 
C16H19IO4 ([M+H]
+
), 403.0401; found 403.0399. IR (NaCl):  3600-3100 (br, O-H), 2960 
(s, C-H), 2926 (m, C-H), 2855 (m, C-H), 1776 (s, C=O), 1711 (m), 1044 (m) cm
-1
. UV 
(MeOH): λmax 328, 241 nm. 
 
C14-silane 39a. General procedure for the Suzuki cross coupling. To a solution of 
iodide 38a (0.11 g, 0.35 mmol) in DMF (1.5 mL) were sequentially added Cs2CO3 (0.23 g, 
0.71 mmol), CuCl (0.004 g, 0.04 mmol), Pd(OAc)2 (0.012 g, 0.018 mmol) and dppf (0.02 
g, 0.036 mmol) and a solution of boronate 24 (0.16 g, 0.53 mmol) in DMF (2 mL). After 
stirring for 7 h at 0 ºC and 1 h at 25 ºC, EtOAc was added. The organic layer was washed 
with H2O (2x) and dried (Na2SO4) and the solvent was evaporated. The residue was 
purified by column chromatography (silica gel, 70:30 hexane/EtOAc) to afford 0.79 g 
(64%) of a colourless oil identified as C14-silane 39a and 0.65 g (35%) of diethyl (2Z,3Z)-
2,3-bis(trimethylsilylmethylidene)-succinate as a yellow oil 40. 
Data for C14-silane 39a: [α]D
25 
-66.9 (c 0.96, MeOH). 
1
H-NMR (400.13 MHz, 
C6D6): δ 6.64 (d, J = 15.7, 1H, H8), 6.42 (d, J = 15.7 Hz, 1H, H7), 6.08 (s, 1H, H10), 4.00 
(m, 2H, CO2CH2CH3), 3.78 (app. ddd, J = 13.4, 8.6, 4.4 Hz, 1H, H3), 2.23 (app. ddd, J = 
14.3, 5.0, 1.6 Hz, 1H, H2A), 1.51-1.37 (m, 2H, H4A + H2B), 1.13-1.10 (m, 1H, H4B), 1.12 (s, 
3H, C5-CH3), 1.07 (s, 3H, C1-CH3), 1.06 (s, 3H, C1-CH3), 0.96 (t, J = 7.1 Hz, 3H, 
CO2CH2CH3), 0.18 (s, 9H, 3 x CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 167.9 (s), 
145.9 (s), 141.0 (d), 133.2 (d), 129.6 (d), 70.0 (s), 67.0 (s), 63.9 (d), 60.8 (t), 47.4 (t), 41.2 
(t), 35.4 (s), 29.5 (q), 25.3 (q), 20.1 (q), 14.1 (q), -0.4 (q, 3x) ppm. MS (ESI
+
): m/z 375 
([M+Na]
+
, 100), 353 ([M+H]
+
, 5). HRMS (ESI
+
): Calcd. for C19H32NaO4Si ([M+Na]
+
), 
375.1962; found, 375.1967. IR (NaCl):  3700-3100 (br, O-H), 2957 (m, C-H), 2928 (m, 
C-H), 1721 (s, C=O), 863 (s), 842 (s) cm
-1
. 
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Data for diethyl (2Z,3Z)-2,3-bis(trimethylsilylmethylidene)-succinate 40: 
1
H-NMR 
(400.13 MHz, C6D6): δ 6.54 (s, 2 x 1H), 3.96 (q, J = 7.1 Hz, 4H, 2 x CO2CH2CH3), 0.93 (t, 
J = 7.1 Hz, 6H, 2 x CO2CH2CH3), 0.32 (s, 18H, 6 x CH3) ppm. 
13
C-NMR (100.16 MHz, 
C6D6): δ 166.7 (s, 2x), 149.1 (s, 2x), 146.5 (d, 2x), 60.8 (t, 2x), 14.1 (q, 2x), -0.3 (q, 6x) 
ppm. MS (ESI
+
): m/z 365 ([M+Na]
+
, 100), 343 ([M+H]
+
, 46), 297 (11), 249 (8). HRMS 
(ESI
+
): Calcd. for C16H31O4Si2 ([M+H]
+
), 343.1755; found, 343.1748. IR (NaCl):  2957 




C14-iodide 41a. General procedure for TMS-I exchange. To a cooled (0 ºC) 
solution of silane 39a (0.012 g, 0.03 mmol) in hexafluoroisopropanol (HFIP, 0.33 mL) was 
added 2,6-lutidine (2.7 x 10
-3
 mL, 0.023 mmol) and NIS (0.01 g, 0.05 mmol). After stirring 
the reaction mixture for 5 h at 0 ºC, water and CH2Cl2 were added, the layers were 
separated and the organic layer was washed with a saturated aqueous solution of Na2S2O3 
(3x), water (3x) and a saturated aqueous solution of NaHCO3 (3x), dried (Na2SO4), and the 
solvent was evaporated. The residue was purified by column chromatography (silica gel, 
70:27:3 hexane/EtOAc/Et3N) to afford 0.012 g (92%) of a yellow oil identified as C14-
iodide 41a. [α]D
25 
-74.4 (c 1.115, MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 6.29 (d, J = 
15.6 Hz, 1H, H8), 6.14 (d, J = 15.6 Hz, 1H, H7), 6.05 (s, 1H, H10), 4.17-4.03 (m, 2H, 
CO2CH2CH3), 3.72 (dddd, J = 10.3, 8.6, 5.0, 3.4 Hz, 1H, H3), 2.16 (app. ddd, J = 14.3, 5.0, 
1.6 Hz, 1H, H4A), 1.44-1.37 (m, 2H, H2A + H4B), 1.05-1.03 (m, 1H, H2B), 1.04 (s, 3H, CH3), 
1.01 (s, 3H, CH3), 1.00 (s, 3H, CH3), 0.99 (s, 3H, CH3) ppm.
 13C-NMR (100.16 MHz, 
C6D6): δ 167.0 (s), 145.6 (s), 130.2 (d), 130.0 (d), 82.7 (d), 69.7 (s), 67.0 (s), 63.8 (d), 61.3 
(t), 47.1 (t), 41.0 (t), 35.1 (s), 29.3 (q), 25.2 (q), 19.9 (q), 14.2 (q) ppm. MS (ESI
+
): m/z 429 
([M+Na]
+
, 100), 407 ([M+H]
+
, 6). HRMS (ESI
+
): Calcd. for C16H24IO4 ([M+H]
+
), 
407.0714; found, 407.0712. IR (NaCl):  3700-3000 (br, O-H), 2961, (m, C-H), 2927 (m, 
C-H), 2970 (m, C-H), 1730 (s, C=O), 1190 (s) cm
-1
. 
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C20-alcohol 42a. General procedure for the Sonogashira cross-coupling. To a stirred 
solution of iodide 41a (0.17 g, 0.41 mmol) in 
i
Pr2NH (5.0 mL, 3.57 mmol) at 25 ºC were 
sequentially added alkyne 14 (0.06 g, 0.62 mmol), Pd(PPh3)4 (0.05g, 0.041 mmol) and CuI 
(0.008 g, 0.041 mmol). After stirring for 1.8h at 25 ºC the reaction mixture was poured into 
a saturated aqueous solution of NH4Cl and the mixture was extracted with EtOAc (3x). 
The combined organic layers were washed with brine, dried (Na2SO4) and the solvent was 
evaporated. The residue was purified by column chromatography (silica gel, 85:15 
hexane/EtOH) to afford 0.125 g (82%) of a colourless oil identified as C20-alcohol 42a. 
[α]D
26 
-85.5 (c 1.025, MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 6.51 (d, J = 15.6 Hz, 1H, 
H7 or H8), 6.46 (d, J = 15.6 Hz, 1H, H7 or H8), 6.02 (tq, J = 6.5, 1.4 Hz, 1H, H14), 5.75 (s, 
1H, H10), 4.21-4.08 (m, 2H, CO2CH2CH3), 3.78 (d, J = 6.6 Hz, 2H, 2H15), 3.74-3.66 (m, 
1H, H3), 2.15 (app. ddd, J = 14.3, 5.1, 1.7 Hz, 1H, H4A), 1.60 (d, J = 1.3 Hz, 3H, C5-CH3), 
1.43-1.35 (m, 2H, H2A + H4B), 1.07-1.06 (m, 1H, H2B), 1.06 (s, 3H, CH3), 1.06 (s, 3H, 
CH3), 1.04 (s, 3H, CH3), 1.03 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 166.3 
(s), 141.6 (s), 138.3 (d), 131.5 (d), 130.1 (d), 120.2 (s), 114.6 (d), 102.0 (s), 85.7 (s), 70.0 
(s), 67.2 (s), 63.9 (d), 60.9 (t), 59.1 (t), 47.2 (t), 41.1 (t), 35.3 (s), 29.4 (q), 25.3 (q), 20.0 
(q), 17.3 (q), 14.4 (q) ppm. MS (ESI
+
): m/z 397 ([M+Na]
+





): Calcd. for C22H31O5 ([M+H]
+
), 375.2166; found, 375.2168. IR (NaCl):  
3400-3000 (br, O-H), 2965 (m, C-H), 2872 (m, C-H), 2108 (w, C≡C), 1717 (s, C=O) cm-1. 
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C14-silane 39b. Following the general procedure for Suzuki cross coupling, the 
reaction of iodide 38b (0.16 g, 0.39 mmol), boronate 24 (0.17 g, 0.58 mmol), Cs2CO3 (0.25 
g, 0.77 mmol), CuCl (0.004 g, 0,04 mmol), Pd(OAc)2 (0.012 g, 0.019 mmol) and dppf 
(0.02 g, 0.039 mmol) in DMF (4 mL) afforded, after purification by column 
chromatography (silica gel, 70:27:3 hexane/EtOAc/Et3N), 0.11 g (60%) of C14-silane 39b 
and 0.032 g (16%) of diethyl (2Z,3Z)-2,3-bis(trimethylsilylmethylidene)-succinate 40 both 
as colourless yellow oils. Data for silane 39b: [α]D
24 
-61.6 (c 0.71, MeOH). 
1
H-NMR 
(400.13 MHz, C6D6): δ 6.65 (dd, J = 15.6, 0.8 Hz, 1H, H8), 6.43 (d, J = 15.6 Hz, 1H, H7), 
6.08 (s, 1H, H10), 4.09-3.94 (m, 3H, H3 + CO2CH2CH3), 2.28 (app. ddd, J = 14.4, 5.1, 1.7 
Hz, 1H, H4A), 1.63 (dd, J = 14.4, 8.3 Hz, 1H, H4B), 1.59 (app. ddd, J = 13.1, 3.4, 1.6 Hz, 
1H, H2A), 1.28 (dd, J = 13.0, 10.0 Hz, 1H H2B), 1.14 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.09 
(s, 3H, CH3), 0.98 (s, 9H, 3 x CH3) 0.97 (s, 3H, CH3), 0.19 (s, 9H, 3 x CH3), 0.06 (s, 3H, 
CH3), 0.05 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 167.8 (s), 146.0 (s), 141.0 
(d), 133.2 (d), 129.7 (d), 70.0 (s), 66.9 (s), 65.2 (d), 60.7 (t), 47.8 (t), 42.0 (t), 35.5 (s), 29.5 





, 13), 467 ([M+H]
+
, 100). HRMS (ESI
+
): Calcd. for C25H47O4Si2 
([M+H]
+
), 467.3007; found, 467.3021. IR (NaCl):  2956 (m, C-H), 2929 (m, C-H), 2857 




C14-iodide 41b. Following the general procedure for TMS-I exchange, the reaction 
of silane 39b (0.074 g, 0.16 mmol), 2,6-lutidine (0.013 mL, 0.11 mmol) and NIS (0.054 g, 
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0.24 mmol) in hexafluoroisopropanol (HFIP, 1.7 mL) afforded after purification by column 
chromatography (MPLC, C-18 silica gel, CH3CN), 0.068 g (81%) of the desired compound 
as a yellow oil. [α]D
25 
-58.2 (c 0.86, MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 6.30 (d, J = 
15.7 Hz, 1H, H8), 6.16 (d, J = 15.7 Hz, 1H, H7), 6.04 (s, 1H, H10), 4.18-4.09 (m, 2H, 
CO2CH2CH3), 3.97 (dddd, J = 9.9, 8.3, 5.0, 3.4 Hz, 1H, H3), 2.25 (app. ddd, J = 14.4, 5.1, 
1.7 Hz, 1H, H4A), 1.60 (dd, J = 14.4, 8.2 Hz, 1H, H4B), 1.55 (app. ddd, J = 11.4, 3.2, 1.6 
Hz, 1H, H2A), 1.25 (dd, J = 13.0, 10.0 Hz, 1H, H2B), 1.06 (s, 3H, C5-CH3), 1.05 (s, 3H, C1-
CH3), 1.02 (s, 3H, C1-CH3), 1.01 (s, 3H, CO2CH2CH3), 0.98 (s, 9H, 3 x CH3), 0.06 (s, 3H, 
CH3), 0.05 (s, 3H, CH3) ppm.
 13C-NMR (100.16 MHz, C6D6): δ 167.0 (s), 145.6 (s), 130.3 
(d), 130.1 (d), 82.6 (d), 69.9 (s), 67.0 (s), 65.1 (d), 61.0 (t), 47.6 (t), 41.8 (t), 35.2 (s), 29.3 
(q), 26.1 (q, 3x), 25.2 (q), 20.0 (q), 18.3 (s), 14.2 (q), -4.6 (q, 2x) ppm. HRMS (ESI
+
): 
Calcd. for C22H38IO4Si ([M+H]
+
), 521.1579; found, 521.1575. IR (NaCl):  2956 (s, C-H), 




C20-alcohol 42b. Following the general procedure for the Sonogashira cross-
coupling, the reaction of iodide 41b (0.065 g, 0.13 mmol), alkyne 14 (0.018 g, 0.19 mmol), 
Pd(PPh3)4 (0.014g, 0.012 mmol) and CuI (0.002 g, 0.012 mmol) in 
i
Pr2NH (1.5 mL) 
afforded, after purification by column chromatography (MPLC, NH2 silica gel, from 85:15 
to 60:40 hexane/EtOAc), 0.047 g (77%) of a colourless oil identified as C20-alcohol 42b. 
[α]D
26 
-67.7 (c 1.18, MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 6.52 (d, J = 15.6 Hz, 1H, 
H7 or H8), 6.47 (d, J = 15.6 Hz, 1H, H7 or H8), 6.04 (tq, J = 6.5, 1.5 Hz, 1H, H14), 5.73 (s, 
1H, H10), 4.21-4.07 (m, 2H, CO2CH2CH3), 3.98 (dddd, J = 10.0, 8.4, 5.0, 3.3 Hz, 1H, H3), 
3.83 (d, J = 6.6 Hz, 2H, 2H15), 2.27 (app. ddd, J = 14.4, 5.1, 1.6 Hz, 1H, H4A), 1.65-1.54 
(m, 2H, H2A + H4B), 1.61 (s, CH3), 1.27 (dd, J = 13.0, 10.1 Hz, 1H, H2B), 1.09 (s, 3H, CH3), 
1.08 (s, 3H, CH3), 1.07 (s, 3H, CH3), 1.06 (s, 3H, CH3), 0.98 (s, 9H, 3 x CH3), 0.06 (s, 3H, 
CH3), 0.05 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6): δ 166.4 (s), 141. 6 (s), 138.4 
(d), 131.5 (d), 130.1 (d), 120.1 (s), 114.6 (d), 102.0 (s), 85.7 (s), 70.2 (s), 67.2 (s), 65.2 (d), 
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60.9 (t), 59.1 (t), 47.7 (t), 41.9 (t), 35.4 (s), 29.4 (q), 26.1 (q, 3x), 25.3 (q), 20.1 (q), 18.3 
(s), 17.3 (q), 14.4 (q), -4.6 (q, 2x) ppm. MS (ESI
+
): m/z 511 ([M+Na]
+





): Calcd. for C28H45O5Si ([M+H
+
]), 489.3031; found, 489.3043. IR 
(NaCl):  3600-3000 (br, O-H), 2956 (s, C-H), 2928 (s, C-H), 2856 (m, C-H), 2181 (w, 
C≡C), 1722 (s, C=O), 1379 (s), 1084 (s) cm-1. 
 
C20-lactone 43. To a mixture of a 2N aqueous solution of KOH (0.16 mL) and 
ethanol (0.66 mL) at 70 ºC was added a solution of alcohol 42b (0.02 g, 0.041 mmol) in 
ethanol (0.20 mL). After stirring for 30 min at 70º C, the reaction was cooled down to 0 ºC 
and diethyl ether was added. The pH was adjusted to 7 with DOWEX® 50WX8 and the 
mixture was filtered through a pad of Celite® (Et2O) and the solvent was evaporated. The 
residue was purified by crystallization (hexane/Et2O) to afford 16.4 mg (87%) of a white 
solid identified as C20-acid 23. 
1
H-NMR (400.13 MHz, CDCl3): δ 6.40 (d, J = 15.7 Hz, 
1H, H7), 6.28 (d, J = 15.6 Hz, 1H, H8), 6.10 (s, 1H, H10), 6.06 (t, J = 6.4 Hz, 1H, H14), 4.26 
(d, J = 6.7 Hz, 2H, 2H15), 3.87-3.80 (m, 1H, H3), 2.24 (dd, J = 14.4, 5.1 Hz, 1H, H4A), 1.85 
(s, 3H, CH3), 1.64 (dd, J = 14.4, 8.3 Hz, 1H, H4B), 1.54-1.45 (m, 1H, H2A), 1.30-1.18 (m, 
1H, H2B), 1.17 (s, 3H, CH3), 1.12 (s, 3H, CH3), 0.95 (s, 3H, CH3), 0.87 (s, 9H, 3 x CH3), 
0.04 (s, 6H, 2 x CH3) ppm. 
To a solution of acid 23 (0.004 g, 8.7 x 10
-3
 mmol) in MeOH (0.4 mL) was added 
AgNO3 (0.008 g, 0.048 mmol). After stirring for 1h at 25 ºC, the reaction mixture was 
filtered through a pad of silica gel (hexane/EtOAc) and the solvent was evaporated to 
afford 0.004 g (100%) of a pale yellow solid identified as C20-lactone 43. m.p.: 139-140 ºC 
(hexane/EtOAc). [α]D
24 
-64.1 (c 0.13, MeOH). 
1
H-NMR (400.13 MHz, CDCl3):  7.19 (d, 
J = 15.6 Hz, 1H, H7), 7.03 (s, 1H, H10), 6.35 (d, J = 15.6 Hz, 1H, H8), 5.96 (tq, J = 6.6, 1.0 
Hz, 1H, H14), 5.64 (s, 1H, H12), 4.35 (d, J = 6.6 Hz, 2H, 2H15), 3.85 (dddd, J = 10.1, 8.4, 
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5.1, 3.4 Hz, 1H, H3), 2.25 (app. ddd, J = 14.5, 5.1, 1.6 Hz, 1H, H4A), 2.09 (d, J = 0.9 Hz, 
3H, C13-CH3), 1.69-1.65 (m, 1H, H4B), 1.51 (app. ddd, J = 13.2, 3.4, 1.6 Hz, 1H, H2A), 
1.27-1.24 (m, 1H, H2B), 1.18 (s, 3H, C1-CH3), 1.17 (s, 3H, C5-CH3), 0.94 (s, 3H, C1-CH3), 
0.88 (s, 9H, 3 x CH3), 0.05 (s, 3H, CH3), 0.045 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, 
CDCl3):  168.8 (s), 146.8 (s), 137.0 (d), 136.9 (d), 134.8 (d), 134.2 (s), 126.2 (s), 121.4 
(d), 117.7 (d), 70.7 (s), 67.7 (s), 64.8 (d), 59.7 (t), 47.1 (t), 41.5 (t), 35.3 (s), 29.6 (q), 26.0 
(q), 25.1 (q), 20.2 (q), 18.3 (s), 15.7 (q), -4.57 (q), -4.61 (q) ppm. MS (ESI
+





, 100). HRMS (ESI
+
): Calcd. for C26H41O5Si ([M+H]
+
), 461.2718; 
found, 461.2728. IR (NaCl):  3700-3500 (br, O-H), 2955 (s, C-H), 2927 (s, C-H), 2855 




C20-Alcohol 29. A cooled (0 ºC) mixture of THF/HCO2H/H2O (2.7 mL, 6:3:1 ratio) 
was added to a cooled (0 ºC) flask containing C20-lactone 43 (0.029 g, 0.063 mmol). After 
stirring for 6 h at 0 ºC, EtOAc was added and the reaction mixture was neutralized at 0 ºC 
with a saturated aqueous solution of NaHCO3. The aqueous layer was extracted with 
EtOAc (3x), the organic layer was dried (Na2SO4) and the solvent was evaporated. The 
residue was purified by column chromatography (silica gel, from 95:5 to 90:10 
CH2Cl2/MeOH) to afford 0.016 g (74%) of a yellow solid identified as C20-alcohol 43. 
 
C20-Aldehyde 18. To a cooled (0 ºC) solution of C20-alcohol 29 (0.030 g, 0.08 
mmol) in CH2Cl2 (9.8 mL) were added Na2CO3 (0.16 g, 1.54 mmol) and MnO2 (0.13 g, 
1.54 mmol). After stirring for 25 min at 0 ºC, the reaction mixture was filtered through a 
pad of Celite® (80:20 CH2Cl2/MeOH) and the solvent was evaporated to afford 0.028 g 
(95%) of a yellow solid identified as C20-aldehyde 18 which was used without further 
purification. [α]D
25 
-85.5 (c 0.305, CHCl3). 
1
H-NMR (400.13 MHz, CDCl3): δ 10.12 (d, J 
= 8.0 Hz, 1H, H15), 7.29 (d, J = 15.8 Hz, 1H, H7), 7.07 (s, 1H, H10), 6.42 (d, J = 15.8 Hz, 
1H, H8), 6.14 (d, J = 8.0 Hz, 1H, H14), 5.72 (s, 1H, H12), 3.96-3.86 (m, 1H, H3), 2.55 (s, 
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3H, C13-CH3), 2.45-2.34 (m, 1H, H4A), 1.69-1.59 (m, 2H, H4B + H2A), 1.31-1.23 (m, 1H, 
H2B), 1.20 (s, 3H, CH3), 1.19 (s, 3H, CH3), 0.96 (s, 3H, CH3) ppm. 
13
C-NMR (101.16 
MHz, CDCl3): δ 191.2 (d), 167.7 (s), 151.7 (s), 137.1 (d), 136.1 (d), 132.8 (d), 128.8 (s), 
121.3 (d), 115.4 (d), 77.4 (s), 70.5 (s), 67.9 (s), 64.2 (d), 47.0 (t), 40.9 (t), 35.4 (s), 29.6 (q), 
25.1 (q), 20.0 (q), 16.4 (q) ppm. MS (ESI
+
): m/z 345 ([M+H]
+





), 345.1697; found 345.1699. IR (NaCl):  3600-3100 (br, O-H), 
3080 (w, C-H), 2963 (m, C-H), 2928 (m, C-H), 2865 (m, C-H), 1777 (s, C=O), 1657 (s, 
C=O), 1612 (m), 1040 (s) cm
-1
.UV (MeO ): λmax 355 nm. 
 
(2E,4E)-5-Iodohexa-2,4-dien-1-ol 45. To a cooled (0 ºC) solution of stannane 44 
(0.22 g, 0.57 mmol) in CH3CN (33.0 mL) was added NIS (0.17 g, 0.74 mmol) and the 
reaction mixture was stirred for 1 h at 0 ºC. Saturated aqueous solution of Na2S2O3 and 
NaHCO3 were sequentially added and the resulting mixture was extracted with Et2O (3x). 
The organic layer was washed with water (3x) and dried (Na2SO4), and the solvent was 
evaporated. The residue was purified by column chromatography (silica gel, from 80:17:3 
to 65:35:0 hexane/EtOAc/Et3N) to afford 0.12 g (94%) of a colourless oil identified as 
(2E,4E)-5-iodohexa-2,4-dien-1-ol 45. 
1
H-NMR (400.13 MHz, C6D6):  6.74-6.70 (m, 1H, 
H4), 6.09 (ddt, J = 14.7, 11.0, 1.7 Hz, 1H, H3), 5.33 (dt, J = 15.1, 5.2 Hz, 1H, H2), 3.70 (d, 
J = 4.9 Hz, 2H, 2H1), 2.17-2.15 (m, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6):  
140.4 (d), 133.8 (d), 125.2 (d), 97.3 (s), 62.5 (t), 27.9 (q) ppm. MS (ESI
+
): m/z 247 
([M+Na]
+
, 87), 207 (100), 203 (68), 201 (50). HRMS (ESI
+
): Calcd. for C6H9INaO 
([M+Na]
+
), 246.9590; found, 246.9594. IR (NaCl):  3500-3000 (br, O-H), 2913 (w, C-




Dimethyl (2E,4E)-5-Iodohexa-2,4-dien-1-yl-phosphonate 17b. To a solution of 
alcohol 45 (0.075 g, 0.33 mmol) in CH2Cl2 (4.5 mL) were sequentially added DMAP 
(0.053 g, 0.43 mmol) and MsCl (0.055 mL, 0.72 mmol) dropwise. After stirring for 17 h at 
25 ºC the reaction mixture was filtered through a pad of silica gel (washing with hexane), 
the solvent was evaporated and the residue was used immediately without further 
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purification. To a solution of this residue in P(OMe)3 (0.73 mL), was added NaI (0.055 g, 
0.37 mmol) and the reaction mixture was stirred 4 h at 70 ºC. The reaction mixture was 
poured into water, extracted with EtOAc (3x) and dried (Na2SO4), and the solvent was 
evaporated. The residue was purified by column chromatography (C-18 silica gel, CH3CN) 
to afford 0.044 g (42%) of a colourless oil identified as dimethyl (2E,4E)-5-iodohexa-2,4-
dien-1-ylphosphonate 17b. 
1
H-NMR (400.13 MHz, C6D6):  6.63 (d, J = 10.9 Hz, 1H, H4), 
5.96 (app. dddt, J = 15.0, 10.9, 1.4 Hz, 
3
JP-H = 5.0 Hz, 1H, H3), 5.37 (app. ddt, J = 15.2, 7.6 
Hz, 
2
JP-H = 7.6 Hz, 1H, H2), 3.38-3.32 (m, 6H, 2 x CH3), 2.29 (dd, J = 7.6, 
1
JP-H = 22.6 Hz, 
3H, 2H1), 2.10 (s, 3H, CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6):  140.2 (d, 
4
JC-P = 4.8 
Hz), 129.9 (d, 
3
JC-P = 14.6 Hz), 123.8 (d, 
2
JC-P = 12.1 Hz), 97.3 (s, 
5
JC-P = 5.9 Hz), 52.2 (q, 
2
JC-P = 6.4 Hz), 30.1 (t, 
1
JC-P = 139.9 Hz), 27.9 (q) ppm. 
 
Diethyl (2E,4E) 5-Iodohexa-2,4-dien-1-yl-phosphonate 17a. To a solution of 
ZnI2 (0.53 g, 1.67 mmol) in THF (1.0 mL) was added P(OEt)3 (0.58 mL) and then a 
solution of the alcohol 45 (0.25 g, 1.12 mmol) in THF (2.8 mL). After stirring for 16 h at 
85 ºC the solvent was evaporated and the residue was washed with a 2M aqueous solution 
of NaOH and extracted with Et2O. The organic layer was washed with brine (2x) and H2O 
(2x), dried (Na2SO4), and the solvent was evaporated. The residue was purified by column 
chromatography (silica gel, from 30:70 to 20:80 hexane/EtOAc) to afford 0.25 g (70%) of 
a colourless oil identified as diethyl (2E,4E)-5-iodohexa-2,4-dien-1-yl-phosphonate 17a. 
1
H-NMR (400.13 MHz, C6D6): δ 6.77 (d, J = 10.9 Hz, 1H, H4), 6.09 (dddt, J = 15.1, 10.9, 
1.4 Hz, 
3
JP-H = 5.0 Hz, 1H, H3), 5.55 (ddt, J = 15.2, 7.6 Hz, 
2
JP-H = 7.6 Hz, 1H, H2), 4.05-
3.95 (m, 4H, 2 x CH2CH3), 2.45 (dd, J = 7.6 Hz, 
1
JP-H = 22.5 Hz, 2H, 2H1), 2.22 (d, J = 1.8 
Hz, 3H, H6), 1.12 (t, J = 7.1 Hz, 6H, 2 x CH2CH3) ppm. 
13
C-NMR (100.16 MHz, C6D6):  
140.3 (d, 
4
JC-P = 4.8 Hz), 129.8 (d, 
3
JC-P = 14.6 Hz), 124.2 (d, 
2
JC-P = 12.2 Hz), 97.1 (s, 
5
JC-
P = 5.9 Hz), 61.7 (t, 
2
JC-P = 6.4 Hz), 31.2 (t, 
1
JC-P = 139.9 Hz, 2x), 27.9 (q), 16.5 (q, 
3
JC-P = 
5.7 Hz, 2x) ppm. HRMS (ESI
+
): Calcd. for C10H19IO3P ([M+H
+
]), 345.0111; found, 
345.0115. IR (NaCl):  2980 (w, C-H), 2908 (w, C-H), 1246 (m, P=O), 1022 (s, P-O-C), 
963 (s, P-O-C) cm
-1
. 
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C16-Acetoxy-phosphonate 15. To a deoxygenated suspension of Pd(PPh3)4 (0.004 
g, 3.4 x 10
-3
 mmol) and CuI (0.002 g, 0.01 mmol) in THF (1.0 mL) were sequentially 
added a degassed solution of the iodide 17a (0.04 g, 0.11 mmol) in THF (1.3 mL), Et3N 
(0.02 mL) and a degassed solution of the alkyne 16 (0.03 g, 0.15 mmol) in THF (1.3 mL). 
After being stirred for 24 h the reaction mixture was filtered through a pad of Celite® 
(washing with EtOAc), and the solvent was evaporated. The residue was purified by 
column chromatography (silica gel, from 85:15 to 50:50 hexane/EtOAc) to afford 0.024 g 
(56%) of a colourless oil identified as C16-acetoxy-phosphonate 15. [α]D
25 
-37.7 (c 0.49, 
MeOH). 
1
H-NMR (400.13 MHz, C6D6): δ 6.50 (d, J = 11.4 Hz, 1H, H10), 6.32 (dddt, J = 
16.3, 11.4, 1.4 Hz, 
3
JP-H = 5.1 Hz, 1H, H11), 5.66 (ddt, J = 15.5, 7.8 Hz, 
2
JP-H = 7.8 Hz, 1H, 
H12), 5.17 (dddd, J = 11.4, 9.3, 5.7, 3.6 Hz, 1H, H3), 3.96-3.86 (m, 4H, 2 x CH2CH3), 2.47 
(dd, J = 7.7 Hz, 
1
JP-H = 23.0 Hz, 2H, H13), 2.32 (dd, J = 17.6, 5.4 Hz, 1H, H4A), 2.00 (dd, J 
= 17.6, 9.0 Hz, 1H, H4B), 1.84 (dd, J = 3.6, 1.8 Hz, 1H, H2A), 1.82 (s, 6H, 2 x CH3), 1.82-
1.80 (m, 1H, H2B), 1.72 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.22 (s, 3H, CH3), 1.06-1.00 (m, 
6H, 2 x CH2CH3) ppm. 
13
C-NMR (101.16 MHz, C6D6): δ 169.7 (s), 136.7 (s), 134.3 (d, 
4
JC-P = 5.3 Hz), 130.8 (d, 
2
JC-P = 15.2 Hz), 124.8 (s), 124.6 (d, 
3
JC-P = 13.0 Hz), 119.3 (s, 
5
JC-P = 5.5 Hz), 98.2 (s, 
6
JC-P = 3.3 Hz), 88.3 (s), 67.9 (d), 61.7 (t, 
2
JC-P = 6.5 Hz), 42.7 (t), 
37.7 (t), 36.4 (s), 31.8 (t, 
1
JC-P = 139.2 Hz, 2x), 30.5 (q), 28.8 (q), 22.4 (q), 21.0 (q), 18.0 
(q), 16.6 (q, 
2
JC-P = 5.6 Hz, 2x) ppm. MS (ESI
+
): m/z 445 ([M+Na]
+
, 100), 423 (9), 363 
(14), 227 (56). HRMS (ESI
+
): Calcd. for C23H35NaO5P ([M+Na]
+
), 445.2114; found 
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(2E)-Ethyl 2-bromo-5-(triisopropylsilyl)pent-2-en-4-ynoate 33 
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(2Z,3Z)-diethyl 2,3-bis(trimethylsilylmethylidene)-succinate 40 
1
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Diethyl (2E,4E) 5-Iodohexa-2,4-dien-1-ylphosphonate 17a 
1
H-NMR (400.13 MHz, C6D6) 
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4. Anexo. Estructura y nomenclatura 







Desde que Wackenroder aisló β,β-caroteno 4.1 en forma cristalina de la zanahoria 
en 1831 hasta el día de hoy se conocen más de 750 carotenoides,
1
 familia de hidrocarburos 
(carotenos) y sus derivados oxigenados (xantófilas) formados por 8 unidades isoprenoides 
unidas, situándose de tal forma que los metilos se encuentran en posición (1,5). La unión es 
cabeza-cola siguiendo la regla isoprénica, excepto en el centro de la molécula que la 
conexión se invierte y por tanto los dos metilos centrales se sitúan en posición (1,6) (Figura 
4.1). 
 
Figura 4.1. Estructura de β,β-caroteno 4.1 donde se remarca la estructura de la unidad isoprenoide. 
 
La elevada diversidad estructural que posee esta familia de compuestos deriva del 
esqueleto básico C40 (notación que indica el número de carbonos del compuesto) de 
                                                 
1
 Britton, G.; Liaaen-Jensen, S.; Pfander, H., Eds. Carotenoids. Part 1A. Isolation and Analysis; Birkhäuser: 
Basel: 1995. 




licopeno 4.2 a través de diferentes reacciones de transposición, ciclación, oxidación entre 
otras (Figura 4.2). 
 
 
Figura 4.2. Estructura de licopeno 4.2. 
 
Aunque tradicionalmente se han empleado nombres triviales para designar a los 
carotenoides relacionados con la fuente de la que se han extraído, se ha desarrollado una 
nomenclatura semi-sistemática para nombrar a los carotenoides describiendo su 
estructura.
2
 Todos estos nombres estarían basados un prefijo griego que designa la 
estructura de los fragmentos laterales seguido de caroteno, que describe su estructura 
básica (Figura 4.3). 
 
 
Figura 4.3. Prefijos que se emplean para describir la estructura de los grupos terminales. 
 
Los dos grupos terminales de un carotenoide pueden ser iguales o diferentes y se 
denotan con los dos prefijos griegos correspondientes separados por una coma. La 
presencia de grupos oxigenados se indica con los prefijos y sufijos empleados en la 
                                                 
2
 (a) Comisión de Nomenclatura en Química Orgánica (IUPAC, International Union of Pure Applied 
Chemist) y en Bioquímica (IUPAC-IUB, International Union of Biochemistry). Pure Appl. Chem. 1975, 41, 
407. (b) http://www.chem.qmul.ac.uk/iupac/carot/. 
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nomenclatura orgánica y la configuración de los estereocentros se indica con los 
descriptores R o S. 
Los carotenoides pueden dividirse en dos grandes grupos en función de los átomos 
presentes en su estructura: 
- Hidrocarburos C40. Se trata de los carotenoides que mantienen el esqueleto básico 
de 40 átomos de carbono exclusivamente, como por ejemplo en β,β-caroteno 4.1. 
 
- Xantófilas C40. Se incluyen aquí los carotenoides que contienen al menos un grupo 
oxigenado en su estructura, siendo los más típicos, hidroxilos, epóxidos o 
metoxilos. Aunque se encuentran también furanos, cetonas o ésteres. Un ejemplo 
de este grupo es 3-hidroxy-β,ε-caroten-3’ona 4.3. 
 
Otro ejemplo de xantofilas es el carotenoide P457 4.4 aislado de varios 
dinoflagelados,
3
 que representa una de las estructuras conocidas más complejas ya que 
contiene diversos elementos estructurales como un lactósido, un aleno, un epóxido y un 
enlace saturado. 
                                                 
3
 (a) Aakermann, T.; Guillard, R. R. L.; Liaaen-Jensen, S. Acta Chem. Scand. 1993, 47, 1207. (b) Englert, G.; 
Aakemann, T.; Schiedt, K.; Liaaen-Jensen, S. J. Nat. Prod. 1995, 58, 1675. 
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Además, tanto en xantofilas como en carotenos pueden diferenciarse los siguientes 
subgrupos en función de la estructura que presenten: 
- Seco-carotenoides. Este grupo se caracteriza porque en la estructura se observa la 
ausencia de algún enlace entre dos átomos adyacentes en el esqueleto del 
carotenoide distintos de 1 y 6, como ocurre en 2,3-seco-ε,ε-caroteno 4.5, y la 
adición de uno o más átomos de hidrógeno en cada grupo terminal creado. 
 
- Retro-carotenoides. Los carotenoides que se incluyen en este grupo presentan su 
sistema poliénico desplazado, lo que se indica mediante un par de localizadores 
seguido del prefijo retro. El primer localizador indica el carbono en el que se ha 
perdido el hidrógeno y el segundo el átomo de carbono que lo ha ganado. 
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- Norcarotenoides. Se engloban los carotenoides cuya estructura se caracteriza 
porque al menos un carbono de su estructura (CH3, CH2 o CH) ha sido eliminado 
del esqueleto básico, indicándose con el prefijo nor precedido por el número del 
átomo que ha sido eliminado. 
 
- Carotenoides superiores. Son aquellos carotenoides que contienen alguna unidad 
isoprenoide adicional de las 8 unidades básicas, localizada sobre los grupos finales. 
Se nombran como nomo- o di- carotenoides C40 substituidos. 
Anexo. Estructura y nomenclatura de los carotenoides 
192 
 
- Apocarotenoides. Estos carotenoides presentan un esqueleto con menos de 40 
átomos de carbono como consecuencia de la degradación de al menos uno de los 
extremos de su estructura. Esta característica se indica con el prefijo apo precedido 
por un localizador que indica que la parte de la molécula anterior al número de 
carbono que corresponde a ese localizador ha sido reemplazado. 
 
 
Los carotenoides más complejos, son difíciles de clasificar, ya que presentan 
características de los diferentes grupos, y nombrar. Se ha encontrado que los carotenoides 
que provienen del medio marino presentan, en general, una estructura más compleja. 
A los derivados simples de carotenoides conocidos mediante un nombre trivial no 
se les proporciona uno nuevo si no que se nombran modificando el nombre trivial 
existente. 
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Figura 4.4. Estructura de Peridinina 4.15 y su derivado Peridininol 4.16. 
  
 
